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ABSTRACT 


Bucycio (241 ol jhexenenisiaaerigid;.sandthighly 
strained compound. Its unusual geometry suggests that 
there would be considerable homoallylic participation 
between the double bond and a carbonium ion centre at 
C-5. The rigidity of the framework also offers a unique 
opportunity to study [1,3]sigmatropic rearrangement. 

These considerations peoneced a synthesis of 
this skeleton. The first synthesis of a bicyclo[2.1.l1]- 
hex-2-en-5~-ol derivative is presented herein. Solvolytic 
Studies of this system, which involved extraordinarily 
large rate enhancements, show that there is considerable 
interaction between the double bond and the carbonium 
ion at C-5. Evidence is presented to show that a non- 
classical carbonium ion is formed, 

Thermolysis ofthe exo-bieyclo(2.1.1]hex-2-en- 
5-yl acetate proceeded in a completely stereospecific man- 
ner. This reaction represents one of the few known ex- 
amples of a suprafacial [1,3]sigmatropic rearrangement, 
which necessarily proceeds with inversion of configura- 
tion at the migrating centre. 

Introduction of a three-membered ring at the 


double bond position in the above bicyclic system led to 
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exo-anti-tricyclo[3.1.1.0+' *Jheptan=6-ol derivatives. A 


large rate enhancement was again found in the solvolysis 
GierEne Corresponding p-nitrobenzoate consistent with homo- 
CVCLODIOpY. participation. 

Thus, the solvolytic and thermal reactions of 
the bicyclo[2.1.l1]hexene system are entirely consistent 


with the expected behaviour for these molecules. 
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INTRODUCTION 


In recent years considerable effort has been 
directed towards the investigation of interaction between 
an incipient carbonium ion and a remote double bona? or 
cyclopropane ring’. Among the criteria used to implicate 
such a participation are solvolytic rate enhancement, 
stereospecificity of the product formation, and scrambling 
of isotopic labels in specifically labelled substrates”. 
Although the latter two effects have been observed ina 
comparatively large number of compounds, very large sol- 
volytic rate enhancements associated with the presence of 
the double bond or cyclopropane ring in the substrate were 
reported in very few cases. 

In order to gain a better understanding of the 
requirements necessary for an effective homoallylic and 
homocyclopropyl participation a study was undertaken in our 
laboratory. It is advantageous to carry out such studies 
on systems that are free of conformational flexibility. 
Because of the rigidity inherent to some bicyclic systems 
and the proximity of the double bond to the one carbon 
bridge, bicyclo[{2.1.1l]hex-2-ene derivatives appeared suit- 
able for this purpose. In addition the inspection of 


models indicated that this strained system might undergo 


a [{1,3])sigmatropic rearrangement with a carbon atom as a 
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Migrating group. No examples of this type of reaction 
were known at the time this work was initiated. For these 
BeasOnsva syntnesiseor auiunctaonalized bicyclol2.1.1)] - 
hexene was developed in our laboratory. The homoallylic 
interaction between the double bond and the incipient car- 
bonium ion was then investigated. Thermolysis of exo- 
bicyclo[2.1.1l]hex-2-en-5-yl acetate was carried out and 
it indeed effected the carbon [1,3]sigmatropic shift’. 
Finally, a subsequent transformation Of severe y CLO esl. 
hexenyl acetate into an exObentr-tricycio[3-1,1.0-” “jhepe— 
6-ol derivative led to the study of homocyclopropyl parti- 
Ccipation in this system. 

This thesis is divided into three parts. Part 
one describes synthetic studies; parts two and three deal 
with solvolysis and thermolysis of the above systems, 


respectively. 
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i<c SYNTHETIC STUDIES 


HESTORICAL: 

At the outset of our studies no synthetic method 
was available for the preparation of bicyclo[2.1.1]hexene 
derivatives. On the other hand the chemistry of the satu- 
rated analogs had been explored to a conSiderable extent 
anda number. of synthetic routes providing an entry into 
this highly strained system were well developed?. Before 
presenting our synthetic work, some of the studies, 
reported to date, on the syntheses of bicyclo[2.1.1]hexenyl 
derivatives are reviewed, 

In 1966 Meinwald and Crandall° reported an at- 
tempted synthesis of a Sees wep eh meets derivative. 
Photolysis of an a-diazoketone (]) provided a mixture of 
two disubstituted bicyclic compounds (212) 1 one of which 
(2) was in turn converted to the corresponding esters 
(4b-4d). Attempted pyrolytic elimination of acetate (4b) , 
ethyl carbonate (4c), and methyl xanthate (4d) failed to 
afford the desired unsaturated compound (2) The authors 
Suggested that the reluctance of the esters to undergo 
elimination was probably due to the strain of the double 


bond in the expected product (5). 
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4 0,CH, r CO.CH, 
aX=H 
b =COCH., 
Ce =COA EE 
a =csScH, 


Tanida and Haven in 1966 synthesized a substituted 


benzbicyclo[2.1.1)hexene (6) | Ueslizging @the synthetic scheme 


shown below. 


2 
& CcO.H 


The parent hydrocarbon (7) was also obtained in 


the same year by Pomerantz as a minor product of the addi- 
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In 1967 Meinwald and Kaplan” obtained tericyolo 
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fe 
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homecare Saal Joct-3-ene (8), introducing a double bond into 


the system by the Hofmann elimination reaction. 
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In the following year the same group’? finally 
Succeeded in synthesizing the parent hydrocarbon (10). 
The starting point of their synthesis was the bicyclic 
ketone (9a), prepered according to they mecnod of pond! 
They first converted it into the tosylhydrazone (2b) which 
was then treated with methyllithium to afford the bicyclo- 


[2.1.1] hex-2-ene (10) in 25%ayteld. 
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ingl®Gsebend and Scerbo?? Fepertedsanother: route 
leading to the same hydrocarbon. The bicyclic ketone (2a) 
was first reduced to the alcohol (lla), which was subse- 


quently converted to the bromide (,ilb) and dehydrobromin- 


ated. 
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b =Br : 

The synthesis of some 5-substituted bicyclo- 
{[2.l1.l]hexene derivatives (13) was accomplished in 1968 
by Wiberg and Ubersax??, theyapreparediexo-cand endo= 
trans-2,3-dichlorobicyclo[2.1.l]hexyl carboxylates (12) 
Dehalogenation by magnesium amalgam 


by standard methods. 


gave the product in good yield. 
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In 1969 the first preparation of a derivative 
Of exo-bicyclod2 31) hex-2-en—5=01 (14) was accomplished 
in our Laboratory’*. This compound possesses appropriate 
functional groups for the study of the interaction between 
the doublesbond and the incipient carbonium ion. . This 
thesis describes the synthesis of this important compound 


mas well as solvolytic dnd thermal behavior of the system: 


OCOCH 


In the same year Roth and Friedrich? described 
the synthesis of, exo- and endo-5s-methyibicyclo[(2.1.1)]hex— 


enes. They utilized the procedure developed earlier by 


Mere: 


The most recent synthesis of this system involved 
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an interesting rearrangement’>, Deamination of the exo- 
bicyclo[3.1.0]hex-2~-en-6-yl ammonium chloride ee in gla- 
Cial acetic acid led to the formation of the exo-bicyclo 


[2.1.l]hex-2-en-yl acetate (Ea) 


OAc 
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RESULTS AND DISCUSSION: 


Two. synthetic. approaches. to. the bicyclo[2.di.l]- 
hex=2-ene.system have been examined, in. our laboratory. 
The two schemes had a common feature, which consisted of 
initial preparation of an appropriately substituted bicy- 
clo[2.2.0]hexyl system and its subsequent transformation 
mroeseithers,aybaicvclo| 2.1.4) hexyl orca, bicyclo (2.1.1) 
hexenyl derivative. Consequently the initial set of reac~ 
tions was the same for both approaches. 

An easy enturyhinto® the wbucyclo([2.2.0)]néxenyl 


System was developed by van Tamelen and Papast®, 
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1S) A8 
Utilizing the,.methods of Bayer?® they obtained 
trans-1 -dihydrophthalic; acids 6)ian) high yield; by), the 


reduction of o-phthalic acid with sodium amalgam in acetic 
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acid. Brief treatment of the trans diacid (16) with hot 
acetic anhydride effected epimerization and produced cis- 
1,2-dihydrophthalic anhydride (17) in good yield. The key 
Step leading to the bicyclo[2.2.0]hexene system is the 
photoisomerization of the cis-1,2-dihydrophthalic anhydride 
( 
( 


AQ) Irradiation of an ethereal solution of the anhydride 
44) with a high-pressure mercury lamp using a Vycor filter 
produced, after purification, the bicyclo[2.2.0]hex-5-ene- 


2,3-dicarboxylic anhydride (18) im,223yleld. 


O5H 
: Ye Ho — (cH ==cH), —con 


un 


If the photolysis wasipercormed on either cis— ox ,trens— 
dihydrophthalic acid (19), a complex mixture of ring 
opened products was obtained. However, if the 1,2 posi- 
tions in the cyclohexadiene system are bridged by a five 
membered anhydride, the conrotatory opening of the six 
membered ring could not compete favorably with the forma- 
ti0n, Of ‘a bicyclic produce (18). The structure of the 
bioyclac anhydride (18) was deduced on the basis of spec- 
tral data and chemical transformations. Ozonolysis fol- 
lowed by oxidation transformed the bicyclic anhydride (18) 


into a known compound, cis,trans,cis-1,2,3,4-cyclobutane 
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tetracarboxylic acid (20) » 


OOH 
COOH 


COOH 
OOH 
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On the assumption that the oxidation reaction does not 
cause epimerization, this reaction establishes the stereo- 
enemlscry Of the ring fusion as cis, and also the exo 
Orientation of the five membered anhydride ring. The exo 
Dricmtatvon of the cis dicarboxylic acid derived £rom 18 
was established by Masamune et paleo dy ihey, £0und. thaty the 
half methyl ester and the dimethyl ester of 18 were dif— 


ferent from the half methyl ester and the dimethyl ester 


(21) of the stereoisomer obtained from cyclobutadiene and 


| es 


COOCH3 
an 


maleic anhydride. 


The bicyclic anhydride (18) represented the 
Starting point for our entry Inco: the bicycle feo lo linexene 


SYstem., ivydroboration Of this Material at (-15°) followed 
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by treatment with alkaline hydrogen peroxide gave exo- 
PomIVOLORVDECVC1O |2..2.0) hexan=2,3-cicarboxylic acid (22) 


in good yield. 
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Pre stereochemistry of the substituents in this Compound 
is discussed later. 

Up to this point the reaction sequence was iden- 
tical for both synthetic approaches. The following dia- 
gram illustrates the remaining steps of the first synthetic 
attempt, that was executed by Drs. Caine and Nakatsuka of 


our laboratory~’, 


COOCH 
3 
PNOKLYEOn J] Y/co0e H3 ag Soon 
ce, oa 


ee 24 CO,CH. 
CO,H CH, CO.H OCH, 
ae —_—_—__} > 
COA 
CO5CH, 2 


RR 26 


Raa Py ty ni ticthab: “ipa aiazetn vee % 


i BiOs Srivs mils BS res Hee ¥: c. 9 ployotd (s 


=i 


=. . ateig's 


L- aL, ; 
‘ ° : © = 
eryieh i. S2aplethatae 6h “ee eerie 


aint rea eure Ee 


BOL.% LABS! OLS Bak) BO a Pees | gees che se a 


7 ae i ye 2 Fu oh! Phere ap) 2S aft tne aged 2045 
Leulinve 2645) ens. to cae tales ee covasieuten 


hy Rea 


im syueltedsn bos aa ke ‘ae oe Saal 4 esis emia ww 


HS. 


Esterification of the hydroxy diacid (22) with diazomethane, 
followed by treatment of the resulting dimethyl ester (228) 
with p-nitrobenzenesulfonyl chloride and pyridine, afforded 
the p-nitrobenzenesulfony1 oxy dimethyl ester (23) .When 
treated with sodium methoxide in tetrahydrofuran at room 
temperature, the ester (23) underwent base catalyzed elim- 
ination of p-nitrobenzenesulfonic a6.G to©affiord*thée*tri- 


cyclo[2.2.0.07"° 


Jhexane-2,3-dicarboxylate (24). Prolonged 
heating of the tricyclic half ester with sodium methoxide 
in methanol brought about the nucleophilic cyclopropane 
ring opening, thus producing the exo-5-methoxybicyclo[2. 
l.ljJhexane-2,3-dicarboxylic acid half ester (25). The for- 
mation of the tricyclic derivative and its subsequent 
opening have been described by Meinwald and Crandall®, In 
their study of base promonka eliminatreon of-endo=s“carbo- 


methoxybicyclo[2.1.1lJhex-anti-2-yl tosylate, they carried 


out the following reactions. 
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toast reatment wot soho bicyclic. Losy Late (27) With base 


Generates sa. cazbanton .46 9C which has proper geometry for 


5 
an intramolecular displacement of the p-toluenesulfonate, 
yielding a tricyclic ester (28). The action of sodium 
methoxide on the tricyclic ester (28) represents a nucleo- 
philic addition to a cyclopropyl conjugated carbonyl sys- 
tem and gives a mixture of two epimeric bicyclic esters 
(22) - The described sequence of reactions proceeded anal~ 
ogously with the trisubstituted bicyclic derivative (23) 
yielding the trisubstituted bicyclo[2.1.l]hexane deriva- 
tive (25) that appeared suitable for the introduction of 
ehesunsaturation. vVia.a.bis-decarboxylation, reaction. . Vari-= 
ous decarboxylation .reactions were jperformed.on the exo- 
5-methoxybicyclo[2.1.l1]hexane-2,3-dicarboxylate (26) with- 
out success. Nor did oxidation with lead tetraacetate in 
pyridine, with or without ultraviolec: light, mattord any of 
the desired unsaturated material. A new method for the 
alkene synthesis from vicinal dicarboxylic acids was dev- 
eloped in our Laboratory?® specifically for this purpose. 
It consists of either photolytic or pyrolytic decomposi-~ 
tion of di-t-butyl peresters of dicarboxylic acids. Sev- 
eral olefins are produced in good yields. However, when 
the perester, derived from 26 was subjected to reaction 


conditions (A or hv) no desired unsaturated compound was 
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presentdin treaction pproducts si Finally, the’ anodicloxida- 
tion of dicarboxylic acids was attempted, and likewise 
failed. Previously Meinwald and Crandall° had reported 
Qutirculeies invintroducing atdoublesbondsintocatbicyclo 
[2,l.l}Jhexane derivative. They attributed the failure of 
the reaction to the strained character of the double bond 
in the product. The results may be in accord with their 
observation. At this point the above synthetic approach 
was abandoned. 

At that time some reports appeared that made it 
wnereasingly, Clear that the bicyclojZ <1,1l)hexyl or hexenyl 
cations might represent energy minima on the energy surface 
connecting some related carbonium ions. McDonald and 
Reinke’? described a solvolytic study of exo-bicyclo[2.2. 


OJhex-2-yl tosylate (39) in acetic acid. 
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the produce. Om 1On palr (Cecurn wexo-bicyelo| 2, 1. iyhex-5= 
yivcosylate (31), was formed in 53% yield. The mixture 
OL acetates contained 41% of the acetate having the bicyclo 
C2 Lexy (33) skeleton. The predominant formation of 
Lier pLOUuecis tawing thie, OLCyCLolZ lew) hexyl cing indicates 
Pos egreater stability, relative to bicyclol 2.2.0 }hexyl 
system, under these reaction conditions. The same authors~° 


observed a similar type of rearrangement in the attempted 


Oppenauer oxidation of exo-bicyclo[2.2.0]hexan-2-ol (34). 
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OH 


The major product (20%) was identified as the bicyclo 
[2.1.1]hexan-5-one (32) + The other two products were 
obtained in a low yield (1%). 

Subsequent reports on the chemistry of hexamethyl 
Dewar benzene indicated that under certain conditions 


rearrangements analogous to those observed in the bicyclo- 
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[2.2.0]hexyl system, take place in the unsaturated system 
as well. When the hexamethyl Dewar benzene (36) was 
treated with ethyl+N-sulfocarbamate,a 1:1 adduct (37) was 
formeda*?, The following structure was proposed on the 


basis of the NMR spectrum. 
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However, the treatment of the same starting material with 
hydrochloric acid produced a different type (38 and 22) 


OL AGauceec—. 


Paquette and Olah and their coworkers*3 observed 


directly by NMR, cations derived from either hexamethyl 
Dewar benzene (38) or hexamethylprismane in fluorosulfon- 
ic acid-antimony pentafluoride solution at low temperatures. 
In either case a mixture of the two cations (40 and 41) 


was formed (3:l ratio). The authors assigned the follow- 
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ing structures to the cations observed, 


The spectra were temperature dependent. This was attri- 
buted to the interconversion of the isomeric cations. 
Additional evidence for the presence of the bicyclo[2.1.1]- 
hexenyl cations (40 and Al) was obtained by quenching the 
acidic solution at low temperatures, with excess of 

sodium methcxide in methanol. A mixture of two ethers 

was formed. The following structures (42 and 43) were 
assigned to these compounds on the basis of their NMR 


Speccta., 


All these experimental observations suggested 


that an entry into the bicyclo[2.1.l]hexenyl system could 
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be gained by the solvolysis of the appropriate bicyclo- 
[2.2.0]hexene derivative. This then becomes the key of 
our second (successful) synthetic approach. As already 
mentioned, the hydroboration of the bicyclo[2.2.0]hexene- 
dicarboxylic anhydride (18); LOllowed by “che oxidation, 
afforded the exo-5-hydroxybicyclo[2.2.0]hexan-2,3-dicarboxylic 
errs? 2). tThevexohconGigueationyvor che hydroxy group 
was assigned by the analogy with the hydroboration of 
norbornene (44) which gives exo-norborneol (22 Its Hydro- 
boration of the bicyclo[2.2.0]hex-2-ene (46) produces the 
corresponding alcohol (47) in which the hydroxy group is 


also exo Oriented 


es 
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av, 
The hydroxyditcarboxylic acid (22) was converted 

into its dimethyl ester (22a) by treatment with diazometh- 

-ane. The following absorptions were observed in the NMR 


Spectrum. 1 5.56 (tt, 2H) pb st2ats, Tn), bee (Ss, 65h) 
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and the additional absorptions at 7.05 and 7.53 each inte- 
grating oforwiwohprotonssmucThe tripletpabsoxrption ,at lt 05156 
providesifurther evidence for. the exo orientation’ ofthe 
hydroxyl group, since it has the same multiplicity as that 
observed in the exo-bicyclof22:0)hexan=2-61.) The endo- 
bicyclo[2.2.0]Jhexan-2-o0l exhibits greater multiplicity 
for the absorptions of C-2 methine proton?*, The NMR spec- 
trum indicates that no epimerization of the carboxyl groups 
occurred during the hydroboration-oxidation reaction. If 
epimerization had occurred the methyl protons of the car- 
bomethoxy groups would no longer absorb at the same field 
positions. The observation that the methyl protons reson- 
ace asvassharprsing let tati1ts6.é6é2«supportsctheixr exor(cis) 
orientation. 

htewascftound ccomvententynotrtornpurify the hydroxy- 
dicarboxy 1 vewacid (22), after the hydroboration reaction, 
but rather to proceed with subsequent steps and effect the 
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Treatment of 22 with acetic anhydride and pyri- 
dine, followed by the removal of excess reagents, afforded 
crude exo-5-acetoxybicyclo [2.2.0] hexane-2,3-dicarboxylic 
anhydride (48). The NMR data fully support this structure. 


i (w) and 


The IR spectrum exhibited absorptions at 1860 cm 
Hag Xs hs, om + (s)\7 ‘with-a pattern "characteristic ofa cyclic 
(S5-membered) anhydride, and at 1740 cm™+ indicating the 
presence of an ester group. 

Treatment, (Of “they acecoxyuicarboxy lig anhydride 
AR with water at 80° followed by chromatography and crystal- 
lization provided an acetoxydicarboxylic acid F) in good 
yield. The NMR spectrum exhibited all the features expected, 
and its similarity to that of the corresponding hydroxy- 
dimethyl ester (22a) leave no doubt that both the acetoxy 
and the two carboxyl groups are exo oriented. 

Transformation of the acetoxydicarboxylic acid 
(49) into the exo-bicyclo[2.2.0]hex-5-en-2-yl acetate (20) 


could be effected in two ways. 
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Initially the oxidative bis-decarboxylation with lead tet- 
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raacetate was employed giving product yields of 40%. 
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Subsequently the decarboxylation was improved using anodic 
oxidation, according to the procedure of Westberg and 
Dauben“°, This method afforded the desired product (50) 
in 60% isolated yield. The NMR spectrum was in full accord 
with the expected structure and exhibited the following 
SOM ao se atl oO eI eo all) st re 2 Ot iee rH en GO, SCR 2a) y 
Taos 2 oH) wand 1) 99 5(S , 23° -H).. 

The only modification required at this stage was 
the replacement of the acetoxy substituent in £9 with some 
better leaving group. This was achieved by treatment of 
acetoxybicyclo[2.2.0]hexene (20) with lithium aluminum 
hydride, or even more conveniently with methylmagnesium 
iodide. The hydroxy derivative (QL) thus obtained was 
not isolated but the ethereal solution after concentration 


and drying, was treated directly with p-nitrobenzenesul- 


fOny i Ghioridesand pyeidine at 0°. 
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The exo-bicyclo[2.2.0]hex-5-en-2-yl p-nitrobenzenesulfon- 
ate (52) was purified by chromatography and crystalliza- 
tion. An NMR spectrum exhibited the following signals: 
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Hj O20 (i, Hina, 1 sor vey e7H) . Trne’ tworOlerinic 
protons of rz, which showed as a broad multiplet in the 
NMR spectrum of the corresponding acetate 50, have differ- 
Sot chemical simyrcs (t “=/S 00° ald, Oo. oo) . 
Bicyclo[2.2.0]hexenyl p-nitrobenzenesulfonate 
(32) was solvolyzed in acetic acid?’ containing two equi- 
valents of sodium acetate. It liberated the theoretical 
amount of p-nitrobenzenesulfonic acid and the first order 
rate constants were determined (see kinetic part). The 


product distribution was found to vary with the reaction 


time. 


OAc 


OSOFC Fn, NO 
Ap 2 Osan 2 5 ie 


re aa 


KA 


ra 


When the solvolysis was quenched at 50% completion the 
product mixture consisted of the starting material Re (503), 
benzene (5%), and the two acetates Age and »3 formed in 32% 


and 11% yields, respectively. Minor products (2%) were 


a 


oiaitelo ows sit . tH & = ATSC baa wttm a 

oag ai rin Hens th sal Soba 9 0 4 0403 
“ESETIS a¥ag 05 atscson ita art 30 nage Ml . 
Vet. e bee Se. 8 7) aoe io toi: # 


sdanotivestesnodors ig-~4 fynsxsata 2. RioLo yes: 
T£ 
«tee ows Gninitsinoo “hiss piysss. BL | aoeyipoten aw f 


iseivstoed? only beseszedsi sf .sartsos moiiees 2a) 


tebio sau @% <Sn2 Had Sige inal yeshsangsers ing Te-aay 


rahi 

is = 

Sav... (3uee-pisenid ese), PeatnsstSsh lsrow PIEPER SARE 
RA Hy a 


neidoss2 sj diiw yusav of Enpotigew noispdizgeee gs 


—- 


— 


: Ol, ee ie 
> : 2 / 


SAO ea 
: 
h hy ne 
AN: ons’ Wétdetanao ana Je bibdceny aay at ovior. 
Ei “aoe 5S: tainosam puisisye any 2c hesaterdo prise fe 
ae an? : 
A Ga SB Aon Ay msiteceoe oy: say" firis AREY, enone 


"a 


| ARB: 
_ aa 


“exsw’ (@i2) etovborq somit ¢havidesqess nibs 


24. 


also present. However if the reaction time was extended, 
and the solvolysis carried out for eight half-lives the 
major product, formed in more than 90% yield, was a2 indi- 
cating that the thermal conversion of 14 LO 22 was taking 
pracefunder*thése Vreaction “conditions... "By “recyeéling-the 
starting material PR the major product LA could be obtained 
in ca. 50% combined yield. 

The major solvolysis product LA was identified 
peeesO-bicyclo( 2.4. limex-2-en-5-yl acetate, whereas the 
minor product a2 Was “shown to, be exo-—bicyclo[3.1.0]hex-2- 
en-6-yl acetate. These structural assignments were made 
on the basis of spectral and chemical evidence. The NMR 
spectrum of 14 taken in ccl, exhibited the following sig- 
hals>* + 3.27 Cea a Or A a Oa em OG Zyl co OncdO=it) 7, 
Gey Om (tt, O-exO-1)e, 4 7. 427c, 1-7 4-H), 7. 12 (dd; J#= 96.6 and 
ed Ha, OF endosh), “and 7.98 (S, acetate) . 

A number of spectra of bicyclo[2.1.l]hexyl deri- 
vatives have been described?®, Features characteristic 
of the compounds having an exo oriented substituent are: 
the long range coupling constant, between the 5-endo and 
6-endo protons, and a unique geminal coupling constant 
between the 6-endo and 6-exo protons. These features are 
present in the spectrum of the acetate 1A. Thus; tne >= 


endo proton exhibits a doubilet- (long range J = 6.6 Hz) and 
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Genco procenmappears “as “a doubletr*oL-cdoubtetss” “itsis 
Coupled *tovihe*s-endo proton witha Tong “range “coupling 
Constant Of "O76 PHz-and *to™thero-exo "proton "with 'a”’ geminal 
Coup bing ;eonseanc Of ey Hz, hrs *ineerpretartron ofthe 
NMR spectrum is supported by the results of spin decoup- 


ling experiments that are summarized in the following 


table. 
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All these spectral data are uniquely accommodated by the 
exo-bicyclo[2.1.1]hex-2-en-5-yl acetate structure. 
Finally catalytic hydrogenation of 14, with 
platinum oxide in methanol, afforded the corresponding 
dihydro compound (33), which was found to be identical 
with an authentic sample of exo-bicyclo[2.1.1]hex-5-y1 
19 


acetate » All these results established the structure 


and stereochemistry of the major acetolysis product. 


OAc OAc 


The structure and stereochemistry of the other 
acetate product (53) were also determined in a Similar 
way. A sample of the acetate 22 was obtained by carrying 
out the acetolysis of the bicyclo[2.2.0]hexenyl p-nitroben- 
zoate (32) for 10 half-lives. At this reaction time 22 
becomes the major reaction product (>90%). An NMR spec- 
trum exheb@ted the following ‘szgnals: 7 4.2 (m, 14H), 
Avo. (iy. Pe), Ciera QoS’, Wi ea} fo as tA ed Be 85 te eo) ol CS, AEB 
Po le wares O(Sye 3 4H). and em court, stl) ee bee cpeC 


trum iS“indicative of bicyclo[3.l.0]Jhex=-2-en-6G=-yl acetate 
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and the stereochemistry of the acetoxy group can be determined 
by the magnitude of coupling constants of cyclopropane. pxro- 
Pons It is known that spin-spin coupling constants of 
Gis,procons in the three membered ring are eee ahew 
Chose of thestrans protons>?, The observation that the Ce 
hydrogen absorbs at 1 6.67 as a broad singlet (Wy, 30 tLZ ) 
Leustroigly \indicative ofethe exo configuration of the 
acetoxy group. This argument was further strengthened by 
examination of the NMR spectrum of the epimeric’ endo- 
bicyclo[3.1.0]hex-2-en-6-yl acetate (62), which was subse- 
quently synthesized. The Ce proton was found to absorb 
Atetwew03s as astriplet with va cis coupling constant of 6.0 
OZ. 

Catalytic hydrogenation of the exe-bicyclo ace- 
tate (3) with Adams catalyst in methyl acetate provided. 
the corresponding dihydro compound (/4a). Treatment of 
n4a with methyllithium gave the 6-hydroxy compound” (RAb) 


that was converted into the corresponding p-nitrobenzoate 


(RAG) © 
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The acetate (p4a), the hydroxy compound (3 4b) and the po 
nitrobenzoate (S4c) weperalieround “Eo tbe “identical with 
the corresponding authentic samples, that were prepared 


in the following manner: 


57 a X=Et r8 , rar 


Meinwald and his coworkers>* have demonstrated that the 
peracid oxidation of bicyclo[2.2.1jheptadiene gives endo- 
6-bicyclo[3.1.0]hex-2-enecarboxaldehyde (2p) Oxidation 
with silver nitrate, followed by catalytic hydrogenation 
peo es the corresponding endo >earboxylic acid (56). 
Esterification of the acid by diazomethane and treatment 
of the resulting ester with sodium ethoxide in ethanol 
provides the epimeric exo-6-bicyclo[3.1.0]hex-2-enecar- 
boxylic ester (57a) . The ethyl ester was prepared accord- 


ing to the reported procedure and hydrolyzed and the 
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resulting acid (S7b) converted into the methyl ketone (58) 
by treatment with methyllithium. Baeyer-Villiger oxida- 


tion>* 


of, the ketone) yielded) thesexo-bilcyel of3.1 .Odhex= 
6-yl acetate (54a) that was identical with the hydrogen- 
ated acetolysis product. The synthetic acetate was con- 
verted into the corresponding p-nitrobenzoate by the 
sequence of reactions already represented (238 — PRE) - 
Identical NMR spectra of the compounds (S4a, pAb, pac) 
from the two different sources and absence of the melting 
point depression of the mixture of p-nitrobenzoates (33¢) 
confirm the initial structural assignment. 
Aftersthensuceessiulypreparationfo£ thevexo> 
bicyclo[2.1.1]hex-2-en-5-yl acetate (14) our intention 
Wasato convertpitinintonarderivativexsuitable for theysol- 
volytiectstudy.1 The (conversionsof fthevacetate (14) into 


the corresponding hydroxy derivative (59) was therefore 


attempted. 
H OAc CHO 
Far vt ER mm 
| 2 14 62 


Treatment of the acetate 1.4 with potassium hydroxide in 
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methanol or methylmagnesium iodide in ether provided no 
desired hydroxy derivative (22) . In both attempts the 
formation of A?-cyclopentenecarboxaldehyde (60) was evi- 
dent, reflecting the extreme instability of the hydroxy 
compound (52). The structure of the aldehyde was assigned 
on the basis of its NMR spectrum. 

Preliminary experiments indicated that the sol- 
VOCYSIS “Of The exo—b Fey cllop2. Pw | Hexs2=én-y 1 Pacevatetin 
d,-acetic acid proceeded slowly compared to its transforma- 
tion into bicyclo[3.1.0]hexenyl acetate (53) and no kinetic 
data could be obtained for the solvolytic ester exchange 
reaction. Since the derivative suitable for solvolysis 
could not be obtained via the corresponding hydroxy com- 
pound (59), another approach was examined. The bicyclo- 
[2.2.0]hexenyl p-nitrobenzenesulfonate (2K) was solvolyzed 
in methoxyacetic acid in the presence of two equivalents 
of sodium methoxyacetate. At 87° the solvolysis proceeded 
in a manner similar to the acetolysis of 22 and provided 
the exo-bicyclo[2.1.1]hex-2-en-5-yl methoxyacetate (6) 


as*a™major product. 
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An NMR spectrum of 61 was very Semilerstonthatnos 14, 
except for the signals due to the methoxyacetate group. 

It was expected that, since the methoxyacetic acid is a 
stronger yacid than the acetic acid;’the solvolysis of exo- 
bicyclo[2.1.ljhexenyl methoxyacetate (61) would proceed 
aese Greater rate "than that of the ‘corresponding acetate 
(14). At the same time the thermolysis rates of the two 
esters were expected to be of the same order of magnitude, 
which» would allow solvolytic study of the bicyclo/j2.1.1}- 
hexenyl derivative. These expectations were borne out by 
subsequent experiments which provided the kinetic para- 
meters for the acetolysis of the methoxyacetate (61) 

(see solvolysis section). The methoxyacetate (61) on 
acetolysis*®producedexo-bicyclo[2ed.d jhex+2-en=5-yl-ace- 
tate (14) as the bot SsolvolysisaproductsetThis ‘material 
was identical with an authentic sample of the bicyclic 
acetate (14). 

In order to investigate fully the mechanism of 
thermatidasomenizationlofi the exo=bieyclo[2s1¢1jhex-2-en- 
5-yl acetate (14) intopthexexo=bicyclo{/3,1.0)}hex-2-en-6— 
yl acetate (23) itibecamesdesimabde (tog preparesthe endo- 
bicyclo[3.1.0]hex-2-en-6-yl acetate (62). Initially a 
modification of the synthetic scheme that was utilized for 


the preparation of exo-bicyclo[3.1.0]hex-e-yl acetate (54a) 
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looked promising. Model reactions were therefore performed 


on the following dihydro compounds: 


HO5C - OAc AcO 


r& nak Qe 


The endo~bicyclo[3.1.0]hexane~6-carboxylic acid (56) was 
prepared as already described (see page 28). Treatment 

Of the carboxylic *acia (58) with methyllithium followed 
by the Baeyer-Villiger oxidation, afforded a mixture of 
the two acetates (S4a, 63). The material obtained was 
largely epimerized as indicated by the NMR spectrum of 
(heymixture which showed the presence of 643 of exo- (54a) 
andei6%,- of endo-bacyclo] 321.0 jhex-c-ylb acetate (63). Sub- 
sequent reinvestigation showed that the epimerization 
e€curredsaine the reactionsoftythescarboxylicwacad (56) with 
methyllithium. The formation of the carbanion at Ce by 

Pe eacecier of methyllithium, under equilibrating conditions, 
could bring about the predominant formation of the thermo- 
dynamically more stable exo- isomer (54a). Due to this 
difficulty, the described sequence was not applied to the 
unsaturated carboxylic acid (35), but another synthetic 


approach was sought. 
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Scho likopr and his coworkers ~” developed a very 
useful synthetic method for préparation of cyclopropanols. 
It consists of the treatment of dichloromethyl ethers (64) 
with an ethereal solution of methyllithium in the presence 
of olefinic substrates, to give alkoxycyclopropanes (65) 


in good yields. 
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As indicated in the mechanism proposed for the formation 

of the intermediate the presence of lithium iodide in the 
reaction mixture is essential. The exact nature of the 
intermediate™tinvolved in*this*reaction isvnot’quite clear, 
but it seems likely that the lithium carbenoid complex is 
involvea??, By studying the additionsto a number of 
unsymmetrical olefins it was indicated that a*subtle inter- 


play \ofellectronic and ®sterie factors iin the*transition 


statelis responsible for) the stereoselectivity” ofthe 
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reaction. In the open chain olefins the endo addition to 
give cis cyclopropanes is always predominant. In cyclic 
Olefins the situation is more complex and depends on fac- 
tors influencing the stability of the transition Ee eee 
Thus the "methoxycarbene" gives predominantly syn isomers 
with cyclopentadiene and cyclooctene, whereas with cyclo- 
hexene and cycloheptene anti isomers predominate. The 
author provided the rationale for this type of behaviour 
in the following way. In the electrophilic addition of 
the carbene to the double bond, electronic effects favour 
Pie lOrmation (OL ethe: syn adduct, due to the attractive 
coulombic interactions between the oxygen of the carbenoid 
Species and the partial positive charges induced on adjacent 
alkyl groups (cyclopentadiene, open chain olefins, cyclo- 
octene). However, the situation may be reversed by the 
increasing steric demands of the olefinic substrates, as 
demonstrated by the predominant formation of anti adducts 
in some cases (cyclohexene, cycloheptene). Obviously this 
rationale demands further experimental support. 

The configuration of the adducts can easily be 
established by the examination of coupling constants of 
the cyclopropane protons (Jcis>Jtrans). In addition the 
configuration can be established on the basis of the obser- 


vation that the cyclopropyl protons (gem to the substitu- 
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ent) in the anti. isomers absorb ,at a higher, field in the 
NMR than the corresponding protons in the syn isomers?*, 
This is attributed, to the fact that the cyclopropyl. proton 
cis to a C-C bond is anisotropically shielded (see the 


following diagram). 


Particularly useful for the preparation of cyclo- 
propanols is the synthesis of the 8-chloroethylcyclopropyl 
ethers (66). These ethers can be transformed to cyclopro- 
panols by treatment with base and acid, or more conveniently 


with n-butyllithiwm:. 
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When the dichloromethy1l-8-chloroethyl ether (64a) 
Wastireated with an excess of méthyliithium at 0°, an the 
presence of cyclopentadiene a mixture of the two adducts 
Was formed. “the vendo adduct was a predominant product 
(Caaeacl). ~The: excture ofthe 6-chlonoethy | cyGlopmopy 1 
ethers (67) was created with n-butyl li chium)and the 
resulting alcohols were acetylated without isolation. The 
eectare Mixture consisted or Fendo-bicyclo| 3% 10) hex>2—-en-— 
6-yl acetate (62) (65%) and the epimeric exOvacetate (22) 


(35%). 


OCH,CH,C1 


() C1,CHOCH.CH.C1 (64a) Ao 
eo 
AcO pee 
62 ra 
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An analytical sample of the endo-acetate (62) was obtained 
by, preparativergipc. Theryesults;ofespingdecoupling experi- 
ments are presented in the following Table. The endo-C_ 
proton #in exo-6-acetoxy[3.1.0]hex-2-ene (23) absorbs at 


16.67 asratproad sanglet (Wy = 3 Hz), whereas the corres- 
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Table 2 
Proton 
Irradiated Chemical vShitt end yMultiplicity 
Za aos ay is He 
None 7.82m A S52 hy eee 8.29m 6 OSBt 
J=6.0 Hz 
He changed —— -- changed -— 
Hy “= “= “= -— d 
fe -- ~— -- = -— 
AcO 1 6 
2 5 
3 4 


ponding exo: proton in the isemeric acetate (62) shows a 
Eriplem aco Lower tLeld (7 6.00, m= O.6) HZ) es ‘This tsein 
accord with the previous observation that in any given pair 


of cyclopropane derivatives SEE is always larger than 


oe 


J erans” 


With the successful synthesis of exo-bicyclo- 
[2 .l, 1 )hex=2-en-s-yl “acetate (fay) *we turned next to the 
preparation of the BS terieyelo (3. 1-10 hep eeeey ace- 


tate isomers (68 and 62). 
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Of particular interest was the anti isomer (68) which has 
the proper geometry for homocyclopropyl participation’, 
which we intended to investigate. The limited supply of 
the starting material demanded that the cyclopropanation 
reaction be very efficient, Because of the instability 
of the exo-bicyclic acetate (14) towards base as well as 
tes sthermalvinstebility , the incorporation of a cyclopro= 
pane ring to the system had to be carried out under neutral 
and mild conditions. Therefore a number of model reactions 
were performed in search for the best reaction conditions. 
It has been known for a long time that the reac- 
tion of olefins with carbenes results in the formation of 
cyclopropanes. With very reactive carbenes, produced 
photolytically, insertion and polymerizations compete with 
the desired addition reactions>. This makes such reac- 
tions aAlmpractical for synthetic purposes> However some 
carbenoid species possess moderate reactivity and give 


much higher yields of cyclopropanes. One commonly used 
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carbenoid source, used in the Simmons-Smith reaction’, 
is obtained by reacting methylene iodide with zinc-copper 
couple. It is thought that the reactive species is bis- 


(lodomethyl) zinc iodide [ (ICH 4n°ani,]. Although this 


2)2 
reagent has been very extensively used, in some cases it 
has been reported to produce adducts in low yields?’, A 
reaction of norbornene with the Simmons-Smith reagent car- 
ried OUt in“our Laboratory, indicated; that ta, long reaction 
time at ether reflux temperature was required for the pro- 
duction of the desired methylene adduct in a high yield. 
Another more reactive carbenoid species is formed 
from diazomethane in the presence of copper salts ° | This 
reagent has not been as widely used and the mechanism of 
its action is less well understood. The Pincock and Wells?” 
modification of this reaction, which keeps the concentra- 
tion of diazomethane low at all times, minimizes the danger 
involved in handling diazomethane, Again norbornene was 
used as a model substrate and after 10 hours a mixture of 
the starting material and the product nen isolated in essen- 
Cially quantitative yield. “The mixture contained 97%. Of 
D4 


ine peek ey Clos i220 Joctane, which was identified by 


its NMR spectrum??, When bicyclo[2.1.l]hexene (109) pre- 
pared by the method of Meinwald and uno?? was exposed to 


the same reagent, the corresponding tricyclic hydrocarbon 
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(79) was produced in essentially quantitative yield. 
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The following signals were observed in the NMR spectrum: 
Perens (is 2 ttl). ore a eel © i eeeo, OL ely aia OD O68 5 
Cig) Govern =) OR Lo (Ml, acu ald. On oo (in, oH). © When 
the diazomethane was passed through an ethereal solution 


containing anti-norbornen-7-yl Seppe ees (71) the exo- 


tricyclo[3.2.1.07"4 


JOCte—-S-yieacetace (72) was formed ina 
good yield. All the products contained the high field mul- 
tiplets in the NMR spectrum that are characteristic of 
cyclopropane protons. This method seems to be particularly 
useful for the cyclopropanation of olefins available only 
in a limited amount since the generation of diazomethane 


can be continued until the olefin has been totally consumed. 


Another method for the preparation of cyclopro- 


eee, die a ni 
. i: | + 7 
ts ) r . a ; 7, a | ei. oe 
i i i} - ; 7 Br 
it . 
Beis eyesasustteg, vite bavi el: Tha 
% ie ; eet. 
Rs ; 
wo: . 4 . ) is — i 
a aie 
I eP cnan| Ob fil ) 
eee 
i i 
ray ; 
Es Ae tet 1 
wy ; 
4 MOS ea ey aie hy bie, oath 
A LD Lane APS RS eae e it 


f 


ces oy 3: 06 
bts | nS 


“ah rat pele a 
yy a 
i 79 (45 Tiwi Lye Biya aa 
7 Or 
ORS ORS hah yet us ea ~avcibecogt tin 
: ig aoe ; hy * ; 
& 22’ Benread- Aa! 1a! 2) Be! Ly+b=gOGe Aides 
“JU -DLOLS) psa aes (Ul e smo: | oe a he LEA re 
tO diiiwntaemrioiy sie. 0564 
ok 
Yiu toto weg “dd os 


— 
4nd 


aia hed al a Peet ; 
he Aides ioe, entis ls: taoncigen reds 
FRAT AF MESA a ve agilatas LiMn edy rire Bue 


a 


osmienga neha aie need. a adress 


ny ey 
ie reso iis 


41. 


panes “consists of photolysis or pyrolysis of pyrazolines’-, 


Some pyrazolines can be prepared by the treatment of cor- 
responding olefins with diazomethane, for extended peri- 
ods of time at 0°. When norbornene was exposed to an 
excess Of diazomethane in an ethereal solution the forma- 
tion of the corresponding pyrazoline was evident and good 
yields could be obtained (80% after 100 hours). However, 
the preliminary experiments showed that the photolysis of 
-the pyrazoline did not produce the desired product cleanly. 
Of the methods tested, Pincock's modification 
of the copper salt-diazomethane reaction was found to be 
the most suitable for our purpose. Consequently this 
reaction was applied to a mixture of exo-bucyclopz;i:1)- 
hex-2-en-yl acetate (14) and bicyclo[3.1.0]hexenyl acetate 
(53) in ether. The reaction was monitored by glpc and the 
generation of the diazomethane was stopped when all of 
the bicyclo[2.1.l]Jacetate (14) was consumed (about two 
HOUrs)., <n that time the cxo=bicycero (3.17 0ihexenyl* acetate 
(53) did not react to any significant extent. Molecular 
models indicate that the environment of the double bond in 
(14) is symmetrical and therefore a mixture containing 
equal amounts of the two isomers was expected. To our 
surprise only a single major product of longer retention 


time (glpc) was formed. Initially it was thought that the 
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two isomeric tricyclic acetates could not be resolved on 
the particular gas chromatography column used. However, 
attempts to resolve the "mixture" on various columns failed. 
This implied that the methylene addition reaction was pro- 
ceeding in a highly stereoselective manner. 

Reaction of carbenoids with olefins is known 
to be sensitive to the steric and electronic factors*>>. 
Thus the Simmons-Smith reaction of particular allylic and 
homoallylic alcohols gives products in which the cyclo- 
peepy ring ristcis velatrve co the hydroxy group. It is 
known that in such cases initial complex formation Prine 
carbenoid with the hydroxyl function occurs which leads 
to the reagent attacking preferentially on one side. Some 
other functions, such as methoxy and carbomethoxy, exhibit 
the same type of directive effect*>, In other cases, par- 
ELculariy “bicyclic “and polycyclic olefinic "substrates, the 
stereoselectivity of the reaction has been attributed to 
33 


steric effects Thus the addition of the Simmons-Smith 


reagent’?, as well as CH,N,-Cucl, to norbornene produces 


exclusively the exo-tricyclooctane (73). 
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The absence of the endo adduct indicates very 
unfavorable steric interactions between the carbenoid and 
the endo protons on the ethylene bridge in a transition 
Seate that would lead to its formation. . The situation is 
somewhat different in the norbornadiene case in which ‘some 
Of7the endo adduct is formed*?, The difference is presum- 
ably due to combination of the steric and electronic ef- 
fects. Acetoxy substituents have been found not to exhibit 
any electronic directive effects. In fact the Simmons- 
Smith cyclopropanation of some cyclic allylic acetates has 
shown that the formation of products which have cyclopropyl 
ring trans to the acetoxy group*4 takes place. This was 
attributed to steric hindrance by the acetoxy group to 
Enewepproach (OL tiie carbenord from thevcis side. 

As was already mentioned, models indicate that 
both sides of the double bond are equally accessible in 
the exo-bicyclo[2.1.l]Jhexenyl acetate to the approach of 
the carbenoid. Since the acetoxy substituent is far 
removed from the reaction site it cannot provide any steric 
hindrance to the approach of the reagent. Consequently 
it was impossible to predict which of the two reaction 
pathways was preferred. The determination of the stereo- 
chemistry of the product is presented below. 


An analytical sample of the tricyclic acetate was 
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separated by preparative glpc. The assignment of signals 


in the NMR spectrum of the tricyclic acetate (68 or 62) 


by decoupling techniques is summarized in the following 


Table, 
Table 3 
Proton 
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Some characteristic couplings observed in the bicyclo- 
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exo and endo protons is 9 Hz. The two methylene cyclopro- 
pane protons (3 cis and trans) have different chemical 
shifts. One appears as part of a three proton multiplet 
at t 8.72 whereas the other resonates as a one proton 
multiplet centered ,at + 9.40. The chemical shifts of these 
two protons have not been rigorously assigned; however, we 
feel that the trans H4 should be assigned to the absorption 
at higher field. A proton in such a position experiences 
some shielding effect from the cis carbon-carbon bonds>*. 
In some cases, when the two protons in question have dis- 
tinct absorptions, the chemical shift was assigned on the 
basis of a peak width, The broader signal was assigned 
tne cis configuration, which 1s inJjaccordance with the 
expected coupling constants. However, in our case this 
consideration is not possible because one of the methylene 
cyclopropane absorptions is overlapping with the methine 
cyclopropane absorptions. 

The configuration Of the cyclopropane ring (syn 
Girdit co the substituted bridge) “could not be» conclu- 
sively determined from the NMR spectrum. However, the fol- 
lowing consideration led us to propose that the cyclopropyl 
ring was oriented anti to the substituted carbon bridge. 
The diamagnetic anisotropy of the cyclopropane ring which 
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the ring is a well known phenomenon. Thus Pincock and his 
cee observed this effect in the isomeric endo- 


2,4 


(74a) and exo-syn (4D) serieviclo [3.2.1.0 Joctan-8-ols, 


H OH H OH 


dak dan 
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With the cyclopropyl ring exo oriented the bridge hydrogen 
Waerca, 30 Hz farther uptield than in the corresponding 
endo compound. A similar effect was observed in the methyl- 


ene adduct of the exo-bicyclo[2.1.l]hexenyl acetate. 


OAc OAc Ac 


joanna 6 62 tT 6.76 IAP 


From the observed spectra of the bicyclo[2.1.l]hexyl deri- 
vative (33) it can be seen that the chemical shift of the 
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duction of the three membered ring into the molecule shifts 
the proton in question upfield by approximately 1.2 ppm. 
Pe <d1 vrectior of this! tshifttei s*indicative “of .the anti 
orientation of the cyclopropane ring. 

Examination of the solvolytic reactivity of the 
corresponding p-nitrobenzoate provided additional support 
to the proposed orientation of the three-membered ring. 
Subsequently an X-ray diffraction study was performed by 
J. Prudham of this department (under the supervision of 
PYOLESSOM MF . "Bennete) “on “albsample "of avtricyelic Da 
bromobenzoate and has established the orientation of the 
cyclopropane ring as anti. (See Appendix for X-ray data.) 

With the stereochemistry of the cyclopropane ring 
established, let us consider once more the reason for the 
stereospecificity of the methylene addition reaction. 
Directive effects of electronic origin by the acetoxy group 
are not precedented. On the other hand the acetoxy group 
is too far removed from the reaction site to offer steric 
interference. Because of non-bonded interactions between 
the acetoxy group and the Ce exo hydrogen atom it is pos- 


sible that the C. bridge of the exo-bicyclo[2.1.1]hexenyl 


5 
acetate Gee is distorted from "normal" geometry towards 
the double bond. This would in effect bring the C. endo 


hydrogen into closer proximity to the double bond and thus 
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could interfere with the approach of the carbenoid reagent 
fromthe ‘syn side,’ Testing this proposal would involve an 
Bokay? Saucy Or a erys vals ine exo-picey clo [21 nexene» deri- 
vative which could not be prepared. Some evidence that the 
stereospecificity is of steric origin was obtained from 
the reaction of exo~-bicyclo[2.1.l]hexyl acetate (14) with 
diazomethane at 0°. Diazomethane addition to the double 
bond would presumably exhibit different electronic inter- 
actions than the carbenoid reagent but a single product 
was formed as indicated by vapour phase chromatography. 

The treatment of an ethereal solution, containing 
a mixture of bicyclo[3.1.0]hexenyl (53) and the tricyclic 


(68) acetates with methylmagnesium iodide produced a mix- 


ture of alcohols. After drying over molecular sieve (4A) the 


mixture was treated in the usual manner with p-nitrobenz- 


oyl chloride and pyridine. 
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Chromatography and recrystallization from pentane afforded 


exo-anti-tricyclo[3.1.1.0°"* 


ihept-¢-y1. p-nitrobenzoate (72) - 
The IR spectrum exhibited characteristic absorption at 
oo woe (ester), 1560 one Oa eon na (nitro group). 
The following signals were observed in the NMR spectrum: 
Boerne, Sea aes Ee te 2 Dua epee) (Cuz) eS Satine, OE), 
Pee O iy al) pe OOo Sai Ae) samc OAL (meal wei. 
ghe, resonance due to the /+endo proton in,this compound 
is partially obscured by overlap with the signal due to 
the three cyclopropyl protons. 

The tricyclic p-nitrobenzoate ester (75) solvol- 
Vz2e001n 603 aqueous, dioxaneywith ~liberation. .of,ca..0.76 
equivalents of p-nitrobenzoic acid, The following pro- 


ducts were formed. 


PNB 
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in om oeH 77 


The alcohol (76) was separated by distillation from the 


solvent. and. the produet of ion, pair return (7/7) and, com- 


pared with an authentic sample of endo-tricyclo[3.2.0.0 
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heptan-4-ol. The two were identical in every respect. An 
NMR spectrum taken in deuterochloroform exhibited the fol- 
lowang signals: “<5 762" (om, w= 23° Hz, Lay, 7.50 = "8.60 
ime oer) and” 8. 80 —(m, Lema. -The endomworientationror “the 
hydroxyl group is indicated by the similarity of the mul- 
tiplicity of the Cy methine proton absorption with those 
observed in norbornene derivatives with endo oriented sub- 
stituents~’. The proof of the stereochemistry of the 
hydroxyl group follows from the chemical sequence that was 
Msed for the preparation Of authentic samples™=(vide infra). 
That the rearranged tricyclic ester oy) has the same 
carbon skeleton as the alcohol (76) was apparent from its 


NMR spectrum, which was identical with the one observed 


ee] 


Lor an) auchent fe jsanp lie ‘orvendo-tricyclon3. 2.00 ;hept- 


2-yl p-nitrobenzoate. 


The authentic samples (76, ae) were prepared by 


an extension of the synthetic scheme used for the prepara- 
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tation -oOr some’ tricycro (8 y2 (00 ]heptane derivatives 
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recently reported ~. Norbornadien-7-yl. chloride was con- 


verted into the tricyelic. olefin (78) according to the 


procedure of Brown and Bere An analytical sample of 


the tricyclic hydrocarbon was separated by the prepara- 
_tive glpc and it exhibited an NMR spectrum similar to that 


reported”, 


a) of ~ ee if 
aa 4 Ro * i 


r 


Dg 
» 


S t Nae 7 
SA.) dhageea yiove f2 Iansgnoos Sisy aye ee oY dod 
ajveb mi, eee mares 


elLot eis Heth ( #KS RESOLUTE 
: 2) cee ag 
His yak et = we ee ae ae 
O85 a)! OS Sree 


62.8 = BEe,7 
pee 6 ats fee A By 


7H Viehaey Miss oleae 
‘+ vel Gee ead et cae 


4 
> 


as 
Litt, She TO: Ve aoe Yer + 
se0r) dale debs quoki igcny Seid begin Sri 2S 
eon Ley ues onan gute ae. 


Pde obec 
Tit i Degag er 


An) stp sepae ' Tag bts, : pera wean 
os ) 4s SU ina elt a2 stu oa "Ean Asi) tt a Saas aeeoe ‘pte 
Snover epi ateee edi 


\ Sits eater << : } roe): > ae ys 
Ee Syl! eu? anes 


wee 
Mat SHSIEoe! bs op ) trad 
| : (Att? ee | aed fg Sia ‘sta 

abeiaees pean 


btsnie S05 SE bo honey. 
E7005 


gl polqauey? sina di Rt 


Lrpnes 
a ou 


+H 2Hyosg> SEF “2052. 55a) wins: radi sedate af bie aes 
othe ay cfekeyenns aa 


aonidetined “orstaes ss 

ao -Ly~ Vol erwodeay * Ss idea 

ofr oo eth voor ae néisic. Seduyones sits aed 
| “iy tapes nwo oe 


Ri 


ype © rit? oF 


ay See ee 
Sha Se ao 


Ya beneas 


. 


“fon HT. cilia: 


; ti ‘PBS ya Thy ort ie Hogerte bine ao aadteroaeyt & 
sade ot saci a meses BUM ar Heridi nes Fig 
a rs : LU a r i‘; ; 7 : 


~ 


iA be 


However, for the subsequent reaction the hydrocarbon (78) 
was not isolated but was used directly in the hydrobora- 
tronUsteprye Hydroborationtoftthectricyclicihydrecarbon 
followed by the treatment with alkaline hydrogen peroxide 
afforded a mixture of two alcohols in 74:26 ratio (72, 80). 
The reason for the regioselectivity of the hydroboration 
reaction must be of electronic origin since the steric 


situation for the approach of the reagent to either side 
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of the double bond is similar. It is thought that the 
hydroboration reaction proceeds through a polarized transi- 
tion state in which one of the factors controlling the 
product distribution is the electron releasing properties 


of the substituents on the double horde. 


In the case of spiro-2,5-oct-4-ene (81), 78% of the boron 
attack occurs at the 8 position, Transition state 

energy for the formation of such a product is decreased rela- 
tive to the alternative transition state by the ability of 
the cyclopropane ring to stabilize an adjacent positive 
charge. Comparison with hydroboration of the 3,3-dimethyl-~- 
cyclohexene indicates thatusteric effects do:not’ play-'an 
iiposbant monke ani thet«cascrior gl. The above argument 
rationalizes the finding of Lustgarten that exo-tricyclo- 
[3.2.0.07'/ Jheptane-4-ol is the major product of the hydro- 


boration reaction. This reaction is expected to produce 


alcohols with the hydroxy group exo. oriented which is 
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confirmed by the NMR spectrum. Analytical samples were 
separated by the preparative “glpe’ and both C3 (30) and Cy 
(72) protons were found to exhibit relatively simple mul- 
tA pwrereress (7 %S+377E7 +6208 dd) in theeNMR. “SuGhabsorp-— 
tions are characteristic of the exo oriented substituents 
in norbornene derivatives*’, 

A portion of the mixture of the two alcohols was 
Ereated with@p-nitrobenzoylventoride*and pyridine. After 
chromatography an oily mixture of the two esters was 
obtained (82, 83). An IR spectrum indicated the presence 
eLvantester “group* (1715 cm +) as well as the nitro group 


pientaetoog#en e 


(1527 cm ). The NMR spectrum was similar 
to the one observed for the mixture of alcohols except for 
the presence of the aromatic protons and the downfield 
shift of some absorptions associated with the introduction 
of an electronegative group into the molecule. The C3 and 


C, methine protons resonate ab 4247 (el) “and "4795" (d) "respec- 


4 
tive ly). UAl Pnough=cheetwovaleconols"werer separable thy prepa— 
rative glpc it was found convenient to proceed with the 
oxidation step and effect the separation at that stage. 
Oxidation.with Collins reagent” afforded a mixture of two 
ketones (84, 85). They were separated by column chroma- 


tography (silica gel, hexane-benzene). Lustgarten’® has 


previously identified the product of the oxidation of the 
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minor alcohol as tricyclo[3.2.0.07’/ jhept-3-one (85) by 
comparing it with an independently synthesized sample. 
The major product (84) Of the ‘oxidatiomrof£ thesamuaixture of 
thicyelievalcohols aselated ‘in .this: work, thadva carbonyl 
abserption tattl1735 cm + in the IR. The following signals 
Were wobserved: tnaithe NMR: . 77 635 Emp lS.) m8 29: ani i2ei)y, 
andes.4 Se (qari ve) ¢ 
Reduction ‘of tricyclo[3.2.0.0°’/ jhept-4-one (84) 

with sodium borohydride in methanol produced a single pro- 
duct, along with some impurity. The NMR spectrum of the 
product: differed sf rempthe onenobtained iformthe exo vtricyc- 
Liemaiicohol (79). The Cy methine proton in the product 
resonates at 1 5.62 as a broad multiplet (Wy. — i PACE Neve 

ThieSpreseuce JOf (the sexomisomer was not japparent an 
the NMR spectrum of the product. The exo isomer would be 
easy to detect in the NMR spectrum since the two types of 


C, methine protons appear at different chemical shifts. 


4 
The sodium borohydride reduction was expected to proceed 
stereoselectively. It is known that metal hydride reduc- 


tions of bicyclic*rigid*ketones sare kinetically controlled”*. 
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Norbornan-2-one on reduction with sodium borohydride yields 
predominantly the endo alcohol. This is interpreted as 
Ehewconsequence Of Steric inhibition for the approach of 
the reagent from the endo side. Examination of models 
Suggested that the endo approach is even more hindered in 
the tricyclic ketone (84), which resulted in the exclusive 
attack of sodium borohydride from the exo side to yield 
thejendo alcohol (76). This synthetic material was com- 
pared with the alcoholic fraction of the solvolysis pro- 
duct and the two were found to be identical in every re- 
Spect. Binally\a sample of the endo alcohol (76) was 
treated with p-nitrobenzoyl chloride and pyridine to afford 
the corresponding ester ee An NMR spectrum (CDC1,) 
exnibstted ‘the following’ signals: +t i.78 (m; 4 H), > 4.70 
SUA Wa 23), a9 Lape le the, Mel sO) (IN pee oes), ee OS 
(Head eke 20m) Ml) 2 A)» Ss OF A\Ul, alel ue endmwas., -OUntsEO 

be indistinguishable from the spectrum obtained for the 
product of internal return in the solvolysis of exo-anti 
p-nitrobenzoate ester (7p). 

In order to estimate by Foote-Schleyer's method>> 
the amount of anchimeric assistance to the ionization in 
the solvolysis of 7/5 a sample of the anti-tricyclo[3.1.0. 
07" 4 jneptan-6-one was needed. Collins oxidation? was 


therefore carried out on the mixture of alcohols which 
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contained the, exo-anti tricyclic ‘alcoho. (87) as a major 
component. Several attempts resulted in the formation of 
a mixture of carbonyl compounds containing at least three 
different types of carbonyl absorptions in the IR spec- 
trum. The desired tricyclic ketone was a very minor pro- 
duct as indicated by the low intensity of the absorption 


ix 


in the 1790 cm ~ region. 
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However, when the oxidation was effected by aluminum t- 


butoxide with p-benzoquinone as a hydrogen acceptor?° in 


refluxing ether, the desired strained ketone (86) was the 


Mayors progucti(strong carbony) stretch at 1738 om) , The 


carbony. stretching at, 1/se om? was in agreement with the 


corresponding bands in the two related eeenae Se 
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The NMR spectrum, except for some absorptions due to im- 
purities, was.in complete accord with the proposed struc- 


ture, 
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58. 
Dis STUDEES OF. .SOLVOLYSIS 


HISTORICAL: 
A.  Homoallylic Cations 

Various explanations have been put forward to 
account for the difference in the relative rate of forma- 
tion of carbonium ion intermediates>®, as observed in sol- 
volytic reactions. In some systems the relief of strain 
present in the ground state may provide the driving force 
for ionization. Another cause of lower activation energy 
of carbonium ion formation is resonance stabilization of 
the intermediate, as in allylic and benzylic cations. Sys- 
tems in which this type of stabilization is possible have 
bach found to exhibit enhanced rates of solvolysis, when 
compared with these saturated analogs. 

Because of the striking rate enhancement and 
stereospecificity of product formation observed in some 
systems in which the above explanations do not apply, yet 
another mode of stabilization of carbonium ions was pro- 
posed: "nonclassical" carbonium ions?. These ions are 
formed by the overlap of the vacant p-orbital at the 
cationic centre with orbitals on*carbon atoms that, are 
not directly bonded to the formal positively charged centre. 
Orbitals participating in such charge delocalization may 


beecofethe igeand 1 type. In contrast..to the resonance ,sta- 
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bilization, which is characterized by pure tT overlap, the 
mode of interaction in nonclassical ions is intermediate 
between o and. 

Some semi-empirical molecular orbital calcula- 
tions, which consider 1,3 orbital interaction in homoal- 
lylic systems””, suggest that such cations would be sub- 
stantially stabilized. Other authors, by applying the 
same method, have shown that the stabilization would be 
even greater if both 1,3 and 1,4 interactions are taken 


into Fecount 


Of the numerous homoallylic systems that have 
been studied, the bicyclo[2.2.l]heptyl system was found 
to be particularly interesting. Some of these studies are 
discussed below. 
Studysof the rates-Of “acetolysis of-exo- and’ endo- 
norbornen-2-yl p-bromobenzenesulfonates has shown that 
3 


the exo isomer (88) solvolyzes 7 x 10° times faster \than 


the endo isomer’ (89). The rate enhancement of the exo 
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isomer is ascribed to homoallylic assistance during the 
initial ionization. Due to the unfavorable geometrical 
relationship between the double bond and the incipient 
carbonium ion in the endo brosylate such an interaction 
is prohibited. However, since both isomers give the same 
product distribution it was suggested that in the case of 
Ene endo esteresuch an” interaction wouldveccur subsequent 


to the rate determining ionization step. 
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Subsequent studies on the Pe labelled exonester 


(88) indicated.that, the nonclassical, ion {a) cannot £ully 
describe the observed scrambling of the label. Interven- 


ig 62 
tion of two additional nonclassical ions was suggested . 
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Similar exo:endo ratios of solvolytic reactivi- 
ties were observed in a study of acetolysis of benznorbor- 


nen-2-yl p-bromobenzenesulfonates®?. 
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Both compounds gave exo-benznorbornen-2-yl ace- 
tate as the sole product. These observations are consis- 
Sent Wile homoattyitc participation of. the aromatic ring, 
which in this system is similar to the double bond in its 
Bpiiceye tO assist, 1Onization.@gahe extent of the’ partici— 
pation of the benzene. ring in ionization can be assessed 
by observing the effect of substituents on the benzene 
ring on the solvolytic rate. Tanida studied this effect 
in the solvolysis of appropriate exo- and endo-benznorborn- 
enyl derivatives. The introduction of a 6-methoxy substi- 
tuent (homo para * position) accelerates the solvolysis 178 
times, whereas the same substituent in the 7 position 


(homo meta) depresses the rate by a factor of 0.4. The 


*Denotes that the substituent is in para position to the 


carbon atom on the aromatic nucleus that is closest to 


the ester function. 
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exo series implicates the participation of the aromatic 


magnitude of the At LON iy, 6x 107) in the 
ring in the ionization step. Also the product distribu- 
aa is substituent-dependent, as demonstrated by the 
decreasing stereospecificity of the reaction with the 
introduction (to the aromatic nucleus) of strongly deac- 
tivacing substituents. in the endo series, the observed 
ratio is much smaller (230) and the product distribution 
us ROt significantly influenced by substituents. «These 
observations indicate the substantial decrease in the 
anchimeric assistance during the ionization step in the 
latter series of compounds. 

Rate enhancement is particularly pronounced in 
the anti-=norbornen-/-yl system = Sobvolyesrs Or ihe tosy= 
late (22) in acetic acid is ae times faster than that 
of its saturated analog (20). The syn isomer (22) shows 


an enhancement of only Boies 
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The large rate increase was explained on the basis of sym- 
metrical participation of the double bond in the rate 
determining step. In the syn isomer the position of the 
double bond relative to the substituent is unfavorable 
for homoallylic participation, but instead, assistance by 
the o> electron pair’ of. the Cy - Cp Single bond may be 

65 


envisaged ~. Such a process would produce an allylic car- 


ponium “Lon “ana’ thus®account" for thevobsServed ratelaincrease. 
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The onty product inthe acetolysis of the anti ester (22), 
was the acetate of retained configuration (22a), sSupport- 
ing the concept of homoallylic participation. The product 
of the basic hydrolysis of the syn ester (22) was a rear- 


ranged alcohol (93). 


The ability of the double bond to homoconjugate 
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with a developing carbonium ion was firmly established. 
However, the nature of the intermediate became a subject 
of lively controversy. 

The main opponent of the symmetric participation 
Gf yihe 1 jelectronssiof. the double: bond sin. the anti-norbornen- 
7-yl system has been H. C. Brown®®, In contrast to Win- 
stein's proposal of a "nonclassical" ion, Brown suggested 
that the result observed can be accommodated on the basis 
of a pair of rapidly equilibrating classical carbonium 
ions, in which case the nonclassical ion would represent 


the transition state for the equilibration. 


It was difficult to devise experiments that would distin- 
guish between the two proposals. 

When the solvolysis of the anti-norbornen-7~yl 
(22) tosylate was carried out under reductive conditions, 
with sodium borohydride in aqueous diglyme, a mixture of 
bicyclic and tricyclic compounds was obtained, indicating 


that the hydride might have trapped the classical ions 
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BPEOuMmerOuntwe1t, GirracultG.to rationalize Chis, resuLcc on 
the basis of the nonclassical carbonium ion proposed by 
Winstein. He further proposed that the tricyclic com- 
pounds might be formed as the kinetically controlled pro- 
ducts in the non-reductive solvolysis of anti-norbornen- 
Je-yl tosylate. They are, however, not observed because 
of their instability in the reaction medium. 

Winstein®® demonstrated that in 50% aqueous 


acetone in the presence of NaHCO the solvolysis of anti- 


3! 
norbornen-7-yl tosylate proceeds in a completely stereo- 
specific manner giving anti-norbornen~7-ol (92h). At that 
time, the tricyclo[3.2.0.0°’/ ]heptan-6-ol derivative (94) 
was not available but Winstein felt it would be stable 
under these reaction conditions. Winstein and coworkers 
argued that the presence of a classical carbonium ion at 

C.. appeared to be excluded by the high rate of solvolysis 


( 
and the lack of leakage into the syn-norbornen-7-yl deri- 
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vative. Accordingly the reaction with water exclusively 
at Co and the reaction with NaBH, predominantly at the 
same center in the reductive solvolysis of anti-norbornen- 
Izy itetosylatewarerdvificult) tolratiohnalizeson the, basis 

Of thecequidibratingsclassicalpions.t-The, reduction .of 
anti-norbornen-7-yl tosylate with NaBH , in dry diglyme 
givesea tricyclic hydrocarbon (24) in high yield. These 
observations are explained on the basis of a nonclassical 
intermediate in which the ratio of C,2Cy reactivity is 


dependent on the nature of the nucleophile. 


oe) study of the methanolysis of anti- 


Winstein's 
norbornen-7-yl tosylate demonstrated striking changes in 
product composition with increasing sodium methoxide con- 


centration. 


LS 


CH, 
etd 
oe agen OCH, aA 
[CH ONa| 8 3 
0 100 0 
0.20 93.6 6.4 
1.93 65.3 SALT 


3.98 48.5 51.5 


These data made it obvious that the presence of sodium 


methoxide was responsible for the formation of the tri- 
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cyclic ether (22) 

When the tosylate (22) was solvolyzed in meth- 
anol buffered with NaOAc-AcOH, methyl anti-norbornen-7-yl 
ether (226) was formed in 97.7% yield, along with 0.3% of 
a trievyclic ether (292). Synthetic tricyclic ether was 
found to be completely stable under those reaction condi- 


tions. Thus kinetic. control gives a C,:C., reactivity ratio 


oe), 
Or 7300. 

The stereospecificity of the tricyclic ether 
(22) formation in the methanolysis of anti-norbornen-7-yl 
tosylate in the presence of methoxide ion was used as an 
additional argument in favor of a nonclassical structure for 


70 Most of the additions to the norborn- 


the intermediate 
enessysitenttocdeum from che “exo Sidé).. “re classica Pons 
were intermediates, a mixture of exo and endo, with exo 
product predominating, would be expected. The tricyclic 
ether (22) formed was found to be (>97%) pure endo isomer, 
which indicated the involvement of a nonclassical inter- 
mediate. When the tricyclic ester (23a) became available 
it was demonstrated that the kinetically controlled pro- 
duct of its solvolysis is anti-norbornen-7-01’?, Although 
the terveycoli cialcohol (2R2) was shown to be stable under 


solvolysis conditions it was not observed in the solvoly- 


sis products. The authors felt that both the o and the 7 
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route lead to the same intermediate, which is best des- 


cribed as a nonclassical ion. 


OX 


OX ane X=PNB 


Te 


The norbornadien-7-yl system (26) has also been extensive- 
ly studied and it largely parallels the behaviour of the 


day” 


anti-norbornen-7-yl system (22). Substituted nor- 


bornadien-7-yl derivatives were shown to solvolyze 17s 
times faster than the corresponding norborn-7-yl deriva- 
tives (20). The additional solvolytic rate enhancement 
(10°) Of this system,.Over that of vanti—norbornen=/—yl (22) 
was ascribed to either a "ground-transition" state effect 
or to extra charge delocalization in the transition state. 
The proposal that a syn double bond participates exten- 
sively in charge delocalization was eliminated when the 
NMR spectrum of norbornadienyl cation was observea’?, 

The presence of two nonequivalent groups of olefinic pro- 


tons was most compatible with a nonclassical ion formed 


by participation of only the anti double bond. Treatment 
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of norbornadien-7-yl chloride with sodium methoxide in 
methanol, or LiAlH, in ether, yields a mixture of bicyclic 


andr tricyclic compounds /*, 


a 


Some additional evidence for the homoallylic 
interaction was obtained in a study of the acetolysis of 


ue iets 


syn and anti benznorbornen-9-yl brosylates 
system the benzene ring is less effective than a double 
bond in assisting ionization. -anti-Benznorbornen-9-yl 
brosylate (97) solvolyzes Kee faster than)a norborm-—/-yl 
(90) derivative. Respective acceleration for the, syn-ester 
(98) is eo The mode of product formation is quite ana-~ 


logous to that observed in the norbornen-7-yl derivative. 


OBs Bs 


ad, aR 


ses 


Shidyied ic exsctn = ehietg ae 


- Fa oe 


Sk lyt Pacers ent- 908 eicee ys f ee — 5 
to ainyldysoc 2d 4 ghee se” So eee al 
wR ro oF \ cebek Poet f¢-i-serea aerial 4 
‘etaaee S AeaS ent haar . i Haat ve st 


Yr Rs set Canis: G72 ice) o cabot 


Be > “nr A 
hi it*a 2“ - et 7 Fag Lint oe ; 4 oF 
2& wve(sns, xS2 SO Eee OSes ued 


mre 
_ . ar ris ec. > i oe oe 
evirsavizen i= = Guan. ingis 
; 


~ al 


70. 


The introduction of a methoxy group at the 4 position of 
the anti ester (27) increases the rate by a factor of 53. 
Introduction of the electron withdrawing nitro group to 


the same position reduces the solvolytic rate by a factor 


of TO". The magnitude of these effects, as represented 
ke CHO 
k NO, 

explained by simple electrostatic interactions. In con- 


by the rat ro 0-3 36,000, 1Sseear7coo large «to be 
trast, these effects in the syn series (28) were of a 

much smaller order of magnitude. These results are con- 
Sistent with the presence of homoallylic interactions in 
themanticseries, twhereas*in theesyn series;csuch interac-— 
tions are absent due to the lack of proper geometry. Addi- 
tional information about the nature of the intermediate 
was obtained by measuring the rates of solvolyses of 4,5- 
disubstituted brosylates. The observation that the accel- 
eration effect of the second methoxy group introduced is 
of the same magnitude as that of shetianey one, is inter- 
preted as strong support for a symmetrical nonclassical 
intermediate. 

Gassman and Paton’ ® have studied the effect of 
methyl substituents at the 2,3 positions on the rate of 
solvolysis of anti-norbornen-7-yl p-nitrobenzoate (21a). 
This approach was described as being possibly the best 


means of determining the nature of the transition state in 


«OF 


2Ox fLhEd EROY a Be 5 tas - quSte Ee ett SO" 
see 20 363562 6 xe ates 2 43 nee aeoreh cre rn 


aS “QL eS ee oe ye te ie lw saeaseke Unt f°. 2s 


CS 


icine? dy Ve Seby. obelevion sil Sapdbex okie 
Ptenst te eb See wee ignee oe ae a 


s , 26 LOO, d= 76 o2taat 
; é { 
I t 4 ce ih re | tom S ee | 7) 
ih r 
ui : (us veAsoae ao dDeaie 
— a R 
i os ens hai Emn) Gio 2Seo30) Bae 
= ae = > ai - = y cf : 
DE si iviisouon. 70) Saaeeese ar 
it 
"GH Isets. Nove) ec “Sse. GYS Sar De Bol Lee 


WIS Fr OTA -La AE Bi (Oe geh 
; : a - 


o ewsgen lane 200s pes aaiiotals 
= iT b- aN oVs yr 20 ed eae | ? Oak eumbeaier ve naa : 


; 
r w ; = a “— 7 ¥ ‘? 
LES SrkY | 20n2, (nc ssavseter Sys): be nia tdi hc L3aG 
f ‘ \ - 


oe 8 en 
= o 


éi betpRortsAr evote weer oy lt e.i2 0 Hote < 


70 THESI-sAs (.s eitdet G 225 ee oe css adam, Ags i 
“(eA9) wouedilicus ae id =e MS acs ie 
* Sdecbieds ¥iz, feboy) gibed - eas ao- 


wa 
: ay 

* wine ui a enya aeta to sities ars prante; 
i - - 


,* ra tL; 4 i’ - 


as | 
eo 


des 


an- Loni zation renee. 


PNB OPNB 
PNB 


aaa 


rel.rate. LES ge 148 


Reactions proceeding through symmetrical transition states 
are expected to exhibit cumulative substituent effects. 
Each successive substituent affects the reaction rate by 
approximately the same factor. Such effects have been 
observed in epoxidation and ionic bromination reactions of 
Olefins. A different effect is exhibited by reactions 
that are known to proceed through classical carbonium ion 
intermediates, such as acid catalyzed hydration of olefins. 
For example, isobutylene reacts 10? times faster than 
propylene in such a reaction. However introduction of an 
additional methyl group on the less substituted end of the 
double bond produces no further increase in the reaction 
rate #*=Introduction of the first methyl "group to theydouble 
bond in the anti-norbornen-/-yl p-nitrobenzoate (21a) 
increases the*“rate of solvolysis by a factor of 13.3. 


The second methyl group caused an additional 11.1 fold 
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increase in the reaction rate. 


Relative Rate 
of Hydration 


3\ 

DC=CH, 1000 
CH 

3 
CH ,~CH=CH, 1 
CH.,-CH=CH-CH, Oy 


Bie, authors felt that such ayresult. is most: consistent 
with the formation of a symmetrical delocalized norbornen- 
7-yl cation. 

All the evidence presented so far supporting the 
nonclassical nature of the intermediate involved in sol- 
VoOlyses- cisthe anti—norbornen-J-yl system is based on 
kinetic results and examination of reaction products and 


78 have also been 


their stereochemistry. Physical methods 
used extensively for the direct observation of carbonium 
ion intermediates. Although conditions under which car- 
bonium ions can be observed are very different from those 
in which such species have been postulated and although 
the lifetimes of cations are much longer under these con~ 
ditions, such studies provide valuable information. 


Winstein and coworkers /° studied spectra of nor- 


bornenyl cations derived either from anti-norbornen-7-ol 
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Ohad tlhacyclic echer (22) in a strongly acidic medium. 


H, and H, t 576-0) 


it 4 
H, and H, k 293 
Ho iO OF nl) 


the spectra showed that the ypositive charge is delocalized 
and mostly concentrated at C5 and Cay which is consistent 
with the nonclassical ion. However the spectra observed 
did not exclude egquilibrating classical ions. Deno inter- 


preted the high field position of the C. hydrogen in a 


7 
related norbornadienyl cation as evidence for a classical 
Cation’. 

Much more compelling evidence in favour of the 
symmetrical nonclassical intermediate is obtained when 


the equivalence of the vinyl positions is destroyed by 


the introduction of a methyl substituent, as shown in the 


following scheme??, 
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If equilibrating classical ions.were involved, the tertiary 
carbonium ion (a) should be predominant, and the NMR spec- 
trum should correspond to that species. Spectra of a 
number of cyclopropyl carbinyl cations are known and the 
chemical shifts of the cyclopropyl protons (a and: B) are 
eacirelatively high tields (Tt 7-8)... ‘The chemical shifts 


of protons in 2-methylnorbornenyl cation are shown below. 


The position of the C4 proton absorption is almost 3 ppm 
lower than expected for a cyclopropyl carbinyl cation. 
Clearly this is incompatible with the involvement of clas- 
sical ions, and presents another strong argument in favour 
of the nonclassical bridged structure. 

In summary, much compelling evidence in favour 
of a> nonclassical intermediate in the anti=norbornen-7-+yt 
system has been accumulated, firmly supporting the orig- 
inal proposal of Winstein’°?, Recent studies by ovapie? 


of long-lived carbonium ions utilizing various physical 


methods have shown that the classical and nonclassical 
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carbonium ions are distinguishable. With these develop- 
ments, the whole controversy that has provided much of 

the impetus for research in this area of organic chemistry 
May be resolved, 

The distance between the developing carbonium 
ion and the participating 1 system should have a profound 
influence on the effectiveness of homoallylic participa- 
tion. The magnitude of this effect must necessarily be 
studied in conjunction with other factors that influence 
the stability of carbonium pone ian fdas has studied the 


solvolysis of a homologous series of benzbicyclo[2.1.n] 


brosylates (n = 1-4). Relative rates are shown in Table 
4, 
Table 4 
x 
n rel,vatce 
1 32 
CH), 2 2. 
3 Le on 
4 UN Rat es Weer 


The first three esters (n = 1-3) gave as the sole product 
the acetates of retained configuration (quantitative yield) 
whereas the ester that had the lowest rate of acetolysis 


yielded some product of inverted configuration. With the 


« 
ots" 
I 


“qo oveb snatts eS xinasipaihetine st a 
wo ee 2&h oS makes meee sa 


78 2014) 


Fe ee DUSKS oh 


niive widakS joLeysk .oif2 seawg Ba: ‘sh a ae! 
Tee i mls Tas, 0 526 me reg tbakyanii bey aaa 
ais teq Siiviteteot 33 emer test +0 ‘ahs de 
eties ptt two t De! 2a F Sor enews ace 
Wels : bgt wide i ee ik 
/ ; _ 
soo. 2a 20 yee 
fawt.SloloyastcaAot 26) 2st ee eee Ieee 
i 
fa J3e2 eves Geet Sthe-io= 
hb Side 
. 
. 7 
=" 4 
j e 
a : F 
c i i . 
i 
socboay pies: ciecee, Svat (O-2!s a) ekssee onda 4 


eitey eres to 433%) \neno! - Eyeit aaah? es 


ese Axil 


F4irae=Hecict\ Rehan taas ixc> baniades! 4s, 


ie pad eta stains 1k 3o seeber 


76. 


increasing number of carbon atoms (n) in the pradge; ‘¢-C 
bond angles at the reaction sites become progressively 
larger. Considering only this effect, one would expect 
the acetolysis rate to increase with the lengthening of 
the bridge, since the increased bond angle at the reac- 
tion site facilitates formation of an sp? hybridized 
carbonium ion. However, the observed trend of relative 
rates is reversed. The observed rate decrease with the 
increasing number of carbon atoms in the bridge is caused 
by the progressively increasing distance between the reac~ 
tion site and the participating aromatic nucleus, which 
renders homoallylic assistance less effective. Thus the 
effect of increased bond angle at the reaction site, which 
May play. an important-role in other substrates, 1s in this 


system overwhelmed by homoallylic participation. 


BS Cyclopropyl Participation 

if It has been known for a long time that the chem- 
ical reactivity ofthe! cyclopropane? ring’ ditfers- from’ that 
Of StRGE saturated compounds. Often cyclopropanes undergo 
addition, rather than substitution reactions, which sug- 
gests the presence of greater p-character in cyclopropane 
Cae bonds ®®, Spectral studies have indicated that the 
cyclopropyl ring exhibits conjugation effects that are 


bogie 
intermediate between saturated compounds and olefins ~’ 
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These observations, along with the results of 
other physical measurements, led to various models of 
bonding in cyclopropane®’, According to the "bent bond" 
model, the hybrid«orbitals (s and p) which form the ring 
system, do not lie along the sides of a triangle, but are 


spread to 106°. 


The degree of participation of s and p orbitals in form- 
ing hybrid annular bonds differs in various models. The 
currently accepted description for the bonding is the for- 
Mation of C=C ‘bonds by overlap of sp” hybridized orbitals 


and sp* hybridization in the CH. bonds?®, This descrip- 


tion was experimentally supported by studies of cue coup- 
Ling cOlstants in some cyclopropanes’?, In analogy to 

the double bond, the cyclopropyl ring interacts strongly 
with a carbonium ion centre and participates in its sta- 


bilization. In fact it has been observed that the solvol- 


ysis of cyclopropyl carbinyl derivatives proceeds at a 


G2 


greater rate than that of corresponding allylic compounds 
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| > cH, x > | CH, =CHCH,-Xx S CH,CH,CH,-X 


The ability of a three member ring to partici- 
pate insthe stabilization: of ansadjacent..posi tive charge 


is demonstrated in the following example: 
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It can be seen that introduction of each successive cyclo- 
propane ring makes an approximately equal contribution to 
the stabilization of the carbonium ion. The effectiveness 
of the participationzo£ all threesgcyclopropy.l ehings ¥inethe 
solvolysis of tricyclopropylcarbinyl benzoate is demon- 
strated by the observation that it solvolyzes appreciably 


faster than triphenylmethyl benzoate’. 


In 1962 Deno”? observed the tricyclopropylcar- 
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bonium ion by NMR spectroscopy. That all three cyclopro- 
pane rings are participating in the stabilization of the 
positive charge was confirmed by the NMR spectrum which 
consisted of a single sharp line’ in sulfuric acid. 

The maximum interaction between a cyclopropyl 
ring and an adjacent carbonium ion occurs when the plane 
of the ritig’is parallel to the ‘p-orbital-of tthe™carbonium 
ion. This follows from the NMR spectrum of cyclopropyl- 
dimethyl cation in which the two methyl groups are not 
equivalent” *, In the bisected form postulated, the methyl 


group that absorbs at a higher field is syn to the three- 


membered ring and thus is anisotropically shielded. 


Recently the barrier for the rotation was measured by a 


double resonance technique and was found to be 13.7 kcal/ 


hoa? ?e 


The ultraviolet spectra of several cyclopropyl 
carbonium ions have been examined and the results indicate 


; ; AS) 
the presence of extensive charge delocalization’ ~. 
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The existence of a preferred conformation of a 
cyclopropyl ring for stabilization of a carbonium ion was 


demonstrated in a study of t-cumylchloride derivatives’’, 


Cl Ci CL 1 
relraterl7.8 LS, 86 9 
Introduction of methyl groups ortho to the cyclopropyl 
ring prevents it from attaining the bissected geometry 
necessary for stabilization, thus making it even less 
electron-releasing than the isopropyl group. 

When the cyclopropyl ring does not have rota- 
tional freedom and is frozen in the unfavoured 90° twist 
geometry, its conjugative stabilization of an adjacent 
carbonium ion becomes negligible”®. The same effect is 
observed with an adjacent vinyl group that cannot achieve 
coplanarity with the developing carbonium ion as shown by 


the relative solvolysis rates of the esters presented in 


the following scheme. 


UL 
= vy 
A 
if 
7 


5 36 noidsmrotneD boreal asq tos 
gow not mibnodesos to volsecthdana nate 


‘Rasuissvines ‘eb Exot tol (Moe = lect 


beneanotoxe: orld Ox ‘uate aqua Lyditiom SO oe 
YissMae betpeeacd- ons syria rekasch aia al at nsnoveng.® si 
eat ave ) Onis) ead .< waka sbkAdate 20% 
agate Ayers i mild nid pat solLor- 

“BSO% avai Joq aeob vria LyspouqodaNs avis. ante a. 
jaiua *0¢ fexvovsine aris of aexog? ae Baw naboort J 
saspetba rs to aoivasti sahre svisepuiaon aah 

ai tpeite site att : “ atdtiod ree saqoned fod mits, 
eveltios. 3 ouutes aeil9 en deta sme io th oan 
‘vd pewotie #6 not mgencso onbgotaveb oad agbwey 
eet besnseosg « 2is6Jj2e exis Ic over stey Lov Lom sein 


: ots 81. 
OTs OTS 


erate te 10" 73 1 


Participation of the cyclopropane ring in the 
Stabilization of the positive charge may give rise to 
either cyclopropylcarbinyl or homocyclopropylcarbinyl 


rearrangements”’, Cyclopropylcarbinyl rearrangements 


100 
have been extensively studied and are not of major concern 
in this thesis. 

Several examples of homocyclopropyl rearrange- 
ments have been described. The first case of homoallylic 
participation of a cyclopropane ring was described by 
Winstein and his coworkers’ °*, They studied extensively 


the solvolysis of .cis— and trans-bicyclo[3.1.0)]hex-3=y1 


tosy lates. 
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The.cis tosylate (92) solvolyzes in acetic acid 35 times 
faster than its epimer, and yields almost exclusively 
(992) .the-acetate.of retained configuration. On the other 
hand the slower trans isomer (100) gives, besides cis- 
bicyclo[3.1.0.Jhex-3-yl acetate, a mixture of acetates and 
a considerable quantity of unsaturated compounds (33%). 

tie he “acetolysis Of the cis “tosylate with addition of 
Liclo, a "Special salt" effect (associated only with rela- 
tively stable intermediates) was observed. The trans 
isomer did not exhibit the special salt effect. The authors 
Eneerpreved the behaviour of the cis,ester in -texme: of 

CY clopropyl “assisted Gonization, to give the tris-homo- 
cyclopropenyl cation (01). This ion is a symmetrical 
analog of the cyclopropenyl cation and is considered to 

be a homoaromatic species. The solvolysis of the trans 
ester was described as non-assisted ionization proceed- 


ing through a classical carbonium ion (102). 
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These arguments were further strengthened by solvolysis 
studies on Ce and C3 deuterium labelled cis-bicyclo[3.1.Q]- 


hex-3-—-yl tosylates. 
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As shown in the above scheme the deuterium atoms were 
statistically scrambled in the reaction products in 
accordance with the proposed intermediate. It was conceiv- 
able that the observed scrambling could result from 
rapid interconversion of classical carbonium ions. This 
possibility was ruled out by the absence of any signifi- 
cant deuterium scramlbing in the cis-bicyclo[3.1.0]hexyl 
acetate isolated as a product.of solvolysis of the deuter- 
ium labelled trans ester. 

102 


Corey and Uda tested Winstein's proposal by 


studying the acetolysis of 1,5-diphenyl-bicyclo[3.1.0.]- 
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hex-3-yl tosylate. Their approach was based on the assump- 
tLOnsthat-inethe case of involvement. ofva tris homocyclo- 
pPeopenyl.» cation; | the. introduction. of .1,5-diphenyl, substitu- 
ents should produce a marked solvolytic rate increase rela- 
tive to the parent system. However a small rate retarding 
effect was observed which, according to the authors, is 

not consistent with formation of the nonclassical inter- 
mediate. Rearranged products were eee ian and al- 
though no detailed mechanism was proposed the authors pre- 
ferred a variation of a classical type intermediate. Other 
authors felt that the rate retardation caused by the intro- 
duction of phenyl groups was not very meaningful, since 
their effects on rate are complicated by opposing induc- 
tive and resonance effects, The steric effect of phenyl 
groups should also be taken into account as pointed out by 
Winstein. The relatively small rate enhancement observed 
in the cis ester (95) can be explained; the chair form, 
which is required for the formation of the nonclassical 
ion,:is not. the. most. stable conformation. in, this. system. 
Because of the nonbonded interactions in the diphenyl deri- 
vatives, the) chair’ form: is .even,léss; readily,attained, 
which favours ionization through a classical, boat shaped 
intermediate. 


Since the electronic effects of alkyl groups are 
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less complex, a number of mono- and di-alkyl substituted 
cis-bicyclo[3.1.0]hex-3-yl tosylates were studied under 
solvolytic conditions?. The stereochemistry of product 
formation and rate enhancement are consistent with the 


proposed nonclassical intermediate, although the rate | 


enhancements are lower than expected. 
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Some direct observations of the bicyclo[3.1.0])hexenyl 
cation by NMR spectroscopy appear to support its non- 


classical AeES Fe Sere 


Btudies“on rigid: polycyclacssubstrates elimin- 
ate uncertainties associated with conformation flexibility. 
A number of such systems were studied, which led to recog- 


nition of the favoured geometry for homoallylic participa- 
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tion of the cyclopropane ring. 


2, 


DOLVOLYSeS “Or "PSOMEELOPVEr ECV CLOLS. Zire 0 Src 


6-yl brosylates were studied by two independent’ groups’ of 
workers? 94, The major product in each case is the exo- 


exo acetate (103) » 


By. PY A 


The observed rate accelerations were very modest, as is 

evident from the four fold increase in the ——===- ratio 

over the normal value. Weak participation Sf the CYCLO 
propane ring was suggested as a possible explanation. 
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105 


A-study on a related tetracyclo[3.3.0 ]- 


non-8-yl system was described by Freeman and Bolls 
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Both brosylates on acetolysis produce the same exo acetate 
(104). Rate enhancements were observed for both isomers 
with the exo isomer having the greater enhancement. Acet- 
Olysis of the deuterium labelled brosylate produced 

the exo acetate in which the deuterium was equally distri- 
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These observations are best explained in terms of a nonclas- 
Sical carbonium ton, which is formed by cyclopropyl parti-— 


cipation in which carbons 8 and 4 become equivalent. 


The cation was directly observed by NMR spectroscopy when 


the parent alcohol was treated with £Flucrosa@lronic acidear 


low temperature. 


A solvolytic study of isomeric tricyclo[3.2.1.07'4]- 
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octan-8-ol derivatives was particularly informative? ®, 


The isomeric esters possess four different arrangements of 


the cyclopropane ring relative to the C, leaving group. 


8 


Since these are rigid structures, direct comparison of 


relative rates is possible. 
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Although the endo-anti and endo-syn esters have essenti- 
ally identical steric and angular environments around 

the reaction site, their rates of solvolysis differ by a 
factor of homes Such a tremendous rate acceleration of 

the endo-anti, ester (105) is explained by backside parti- 
Ccipation of the cyclopropane ring during the ionization 
step. The geometric relationship optimal for cyclopro- 
pane participation is different from the ‘one: describedfor 
a cyclopropyl carbinyl derivatives. It is analogous to the 
type of interaction involved in the homoallylic participa- 


tion of a double bond and can be visualized as a o type 


overlap of the sp> orbitals of the ring, with the develop- 
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ing p orbital of the carbonium ion. The cyclopropane ring 
in this particular system is even more effective than the 


double -bond.in homoallylic stabilization of a carbonium 


k endo-anti 


3 Te 2 
k anti-norbornen-7-yl = 10°). It was also suggested 


ion 
that theerelease of strain involved in the ground state 

may be partly responsible for the rate enhancement observed 
for the exo-anti ester (LOS), as shown in the diagram, . The 
geometric arrangement that allows backside edge participa- 
tion of the cyclopropane ring is unique in the amount of 
anchimeric assistance provided. Other esters that are 
Suitable for "face" cyclopropane participation have little 
Or no acceleration at all. The exception is the exo-syn 
(106) ester in which a 10° rate enhancement was observed; 
however, /ltois tthought to *betof different “origins | .This 
acceleration may be largely due to non-bonded interactions 
or, in analogy with syn-norbornen-7-yl system, the o elec- 
€ron+paixr’ fromathe Cy = Ca bond may be participating in 
theaionization¥step*to-give atecyclopropylucarbinylreations 
The solvolysis of the exo-anti p-nitrobenzoate (LOS) yiel- 
ded two rearranged compounds that had an identical carbon 
skeleton. The extremely high rate of solvolysis, the 
presence of ion pair return, and the stereospecificity of 


the product formation all implicate the involvement of 


the tris homocyclopropenyl intermediate. 
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Recently a study Of a relbatedupentacyclol4.3. 0. 


3,8 95,7 2 


2,4 Jnon-9-yl system (197) was reported”. This 


0) pe) 
structure is capable of three-fold degeneracy. In addi- 
tion, participation of the syn cyclopropane ring would 

lead to complete degeneracy of all ring carbon atoms. The 
solvolytic rate of the corresponding p-nitrobenzoate was 
found to be just eighty times slower than that of the 
eLicyeltc ester (105). The large jrate enhancement cannot 
be attributed to relief of strain, Since the reaction 
product contains the same pentacyclic carbon skeleton. 

The extent of carbon atom degeneracy was determined by 
studies of Cg and Cy deuterium labelled compounds, using 

en and eg NMR spectroscopy. The experimental observations 
are compatible with the threefold symmetric tris homocyclo- 
propsnyl ‘cation, in which carbons 9, 3  and*2 and-alter— 
nately 1, 8 and 4 become equivalent. Only the anti cyclo- 


propane ring participates in the stabilization of the 


.-Garbonium ion as demonstrated by the absence of more exten- 


Sive carbon scrambling. 
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This example illustrates the uniqueness of the geometric 
relationship required for extensive homocyclopropyl parti- 


Sipationcdin ionization. 
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RESULTS AND DISCUSSION: 


Solvolysis of exo-bicyclo[2.2.0]hex-5-en-2-yl p-nitrobenz- 
enesulfonate ~ : 

After the successful preparation of exo-bicyclo- 
[2.2.0]hex-5-en-2-yl p-nitrobenzenesulfonate (52) a study 
of its solvolytic behaviour was undertaken. In acetic acid 
containing two equivalents of sodium acetate, the ester 
solvolyzed with liberation of the theoretical amount of [Sky 
nitrobenzenesulfonic acid with a first order rate constant 
k = 6.07 x 10 sect at.89,7°..~As,already.described (Part 
one) the product distribution, varied with.the length of 
reaction time, indicating that tne thermal isomerization 
Of&etheaprimary.solvolytic productsexonbicyclol2.1<1)]hex-2- 
en-5-yl acetate (14) to, exo -bicyecloj 3.1.0); hex-2-enzosy1 
acetate (23) was taking place under the reaction condi- 
tions. The structural proof for the products has been 
presented in Part one of this thesis. 

Considering the structural, features of the 
bicyelol2.2.0;hexenyl sulfonatetester (52) several solvol- 
ysis pathways leading to a number of products can be con- 
sidered. These products could be formed in a mixture, or 


any of them could be formed exclusively depending on the 


| energetics of the respective pathways. 
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OAc 


A. Bicyclo[2.2.0]hex-5-en-2-yl p-nitrobenzenesulfonate 
(Pz) is a homoallylic ester and therefore solvolytic behav- 
iour characteristic of such systems would be expected. The 
related exo-norbornen-2-yl tosylate on acetolysis gives 

the nortricyclic acetate as a major product, accompanied 


by some exo-norbornen-2-yl acetate??, 


ee 
OTs + OAc 


The product distribution apparently reflects the thermo- 
dynamic stabilities of the two systems. It has been shown 


that either norbornene or nortricyclene at their reflux 


asecotlgeenesisigry tag “1 y-S-ne=tsKen pos enue 
-~Vaered oisylovioe sioiwteds bas isses, oft ylieonad s: ab 
) an 
oat  ,Se¢recxe oc. o Luoy emoua ys fone to: nivekwesoexeds 7 
sOVi-p akey tos: 7 ta ashivdes Ly ~S~ angio xon~ gg "E 
bsoinnqmesss ,Jovborg Totem 6 2s eJetess ni 


is f 
hee Te er YTS AB awougin sees si 
| ah a a CaaS 


7 


, \. 
ye OK aS 


ha 


94, 


temperatures in the presence of silica-alumina catalyst 
give the same. equilibrium mixture consisting of 77% of 
nortricyclene and 23% of norbornene®”, Pie *cricyelic pro= 
ducts of the above type were not observed in electrophilic 
addition reaction on bicyclo[2.2.0]hexadiene?? 

The total absence, of products that’ would be gen= 
erated via pathway A in the solvolysis of az indicates 


availability of energetically more favourable reaction 


routes. 


B. A priori, two possible routes can be visualized for 
the formation of benzene in the solvolysis of exo-bicyclo- 


[2.2.0]hexen-2=-yl ester. 
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De Puy?2° has considered the solvolysis of cyclobutyl es-— 


ters as being analogous to the solvolysis of the corres-~ 
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ponding cyclopropyl derivatives, suggesting that if cyclo- 
butanes are viewed as homocyclopropanes, the solvolysis 

of their appropriate derivatives may be subject to the 
Woodward-Hoffmann rules®*, Thus, 12f; the ring opening 
occurs simultaneously with the departure of the leaving 
group, the substituents cis to the leaving.group rotate 
inward, enabling orbitals of the participating o bond to 
interact with the back side of the developing carbonium 
PON wo: Similarly, with substituents that are, trans,to the 
departing group, outward rotation is predicted. 

The above considerations have been successfully 
utilized as the explanation of the difference in solvoly- 
tic reactivity between the two isomeric bicyclo[2.1.0]pent- 
eV esterstt, 

Extension of the above discussion to the solvol- 
ysis of the exo-bicyclo[2.2.0]hexen-2-ol derivative im- 
plies that the required mode of rotation in this ester 
would lead to a’ considerable increase in strain energy. 
For this reason, the concerted pathway (a) that would lead 
to the formation of benzene becomes unimportant relative 
to che participation of “the Cy _ C, bond (path ¢) ain the 
initial dissociation. On the othex hand, in the *solvoly— 


sis of the epimeric endo derivative, the concerted pathway 


involving the participation of the C, - C, electron pair 
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should play a more important role. The required outward 
mode of rotation would lead to a decrease in strain energy 
and consequently essentially quantitative formation of benz- 
ene can be expected, 

An alternative, stepwise process (C) is most 
likely responsible for the formation of the small amount 
ermbenzene observed in the, solvolysis, of the exo-bicyclo 
[2.1.0]hexen-2-yl ester. A > CS ae Ia ap ee 
homoallyl" type of rearrangement would result in the forma- 
tion of cyclohexadienyl cation. A loss of proton would then 


result.ins axromatigation. 


Ge. The solvolysis ,of the exo=-bicyclo([2.2.0]hexenyl je 
nitrobenzene sulfonate (24) is best described as proceed- 
ing largely through an anchimerically assisted lonization 


step. 
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Participation of the C, - C; electron pair could lead either 


to the formation of the stable bis-homocyclopropenyl cation 


OAc 
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or the exo-bicyclo[2.1.1]hexen-5-yl p-nitrobenzenesulfonate 
derived, from!’ioOn-pair return. “In the latter case the-’sol- 
volysis of this ester would then give rise to the same 
stable cation (108) . Reaction of this cation with solvent 
produces the observed bicyclo[2.1.l]Jhexenyl acetate (14). 
Although a comparative solvolytic study has not been done, 
some rate acceleration should be observed for the unsatu- 
rated ester (52) relative to its eidunaned analog. 

As mentioned previously, solvolysis of exo- 
bicyclo[2.2.0]hexenyl p-nitrobenzenesulfonate ester (52) 
in methoxyacetic acid proceeded in much the same manner 
eseintaceticsecidw nthe vexorbicyeto(2..l. Lbhnexen=s-y1 
methoxyacetate (61) was produced as the sole solvolytic 
product. s«The first )order rate ‘constant obtained sfor this 


eas 


reaction was k = 8.24 x uOmesec aéetso. Of. 


Solvolysis Of exo-picyclol2. le lihex-2-en-5—y1l methoxy = 
acetate 

There was some difficulty in preparing an exo- 
bicyclo[2.1.l]hexen-5-yl.derivative suitable for solvoly- 
sis. A few attempts to obtain the corresponding hydroxy 
compound (32) resulted in the formation of A?-cyclopenten- 
carboxaldehyde (60), indicating. the: instabiiaty of the 
desired alcohol. Therefore we were unable to obtain deri- 


vatives commonly used for solvolytic studies (p-nitrobenzo- 
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ate, tosylate, etc.). Also attempted solvolysis of the 
exo-bicyclo[2.1.1]hexen-5-yl acetate (14) in acetic acid- 
dy indicated that solvolytic ester exchange proceeded 
Slowly compared to thermolysis of the starting acetate. 
For this reason we were unable to obtain kinetic data for 
that solvolysis reaction. 

A different approach that proved successful 
was the preparation of axo-bicyclo[2.1-1]hexen-5-yl meth- 
oxyacetate (61) and examination of its solvolytic reac- 
tivity. gSance methoxyacetic saciid (pKa = 3752) is a 
stronger acid than acetic acid (pKa = 4.75), the acetoly- 
ats of the corresponding methoxyacetate (61) should pro- 
Cecdrat a greater irate than that Of exo>bicyclo|(2.1,1)— 
hexenyl acetate (14). At the same time the rates of therm- 
olysis for the two esters were expected to be of the same 
order of magnitude which would enable us to obtain the 
desired kinetic parameters. The exo-bicyclo[2.1.1]hexen- 
5-yl methoxyacetate was solvolyzed in acetic acid; the 
reaction progress was monitored by measuring its disap- 
pearance against an internal standard by glpc. The meth- 
oxyacetic ester (61) underwent two parallel first-order 
reactions, yielding exo-bicyclo[2.1.1]hexen-5-yl acetate 
(14) and exo-bicyclo[3.1.0]hex-2-en-6-yl methoxyacetate. 


Structural proof for these two products are des- 
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cribed in Part one of this thesis. The reaction sequence 
and appropriate rate constants are shown in the following 


scheme. 


5-5-3 -OCOCH, OCH, 
ba 
———_ 


y? 
OAc On 


Aa, ne 


The rate of formation of the acetate (14) was 
determined in an indirect manner because direct determin- 


ation of k., requires the measurement of two glpc peak 


2 
areas; different detector sensitivities increase the mag- 
nitude of error involved in the determination. The fol-~ 


lowing reaction parameters were obtained: 


(kK, + Kky)75,50 = 4-03 NOM cceus 
Ce eas arene eR 1074sec"+ 
(K})45 50 = 3.81 x NOME ISC ca 
CS ee cS 10° °>sec™+ 


LOU: 


the Lace Of SOlVOlYSsis (Kk, ) of the methoxyacetate ester 
(61) was then obtained as the difference between the total 
rate of disappearance (ky + ky) of the starting material 


anc the Taterofats thermolysis \(k Thus the rate of 


1)? 


formation of exo-bicyclo[2.1.1l]hexenyl acetate (eS) eye 


oe iy kee 
eae eee se Oe cecil. 
ESS Pg ee Ome ec oie 
Ant = 24 kcal/mol 
As! = -10 eu 


The extrapolated rate of acetolysis of methoxyacetate (61) 
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Thee ratio Of the vate of) formacion (k,) of the 
exo-bicyclo[2.1.1]hexen-5-yl acetate (14) to the rate of 
its thermolysis (k3) Was 375.)  POrlation Of ithe exo— 
bicycle (3... 0 | Nexen-onyl acetate (53) was evident during 
this solvolysis reaction. 

In order to compare the solvolytic reactivity 
of the methoxyacetate (61) with those of other similar 
systems norbornadien-7-yl methoxyacetate (26) was pre- 


pared, 
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Acetolysis of this compound (26), quantitatively gave the 


0.Cc 
2CCHOCH, 
OAc 


nf 


corresponding acetate. This reaction was also followed by 


glpc, which provided the following kinetic parameters: 


ge be = C12 2 Oana Hi yen 
ee ee Ce) Se mney ion sece: 
AH! = 25 kcal/mol 
Ast = -10 eu 


The extrapolated rate constant at 25° was calculated to 


be: 


a =o =~] 
Ko 50 = 12x LO Gusec 


Thus acetolysis of exo-bicyclo[2.1.1]hexen-5-yl methoxy- 
acetate (61) is approximately five times faster than that 
of the corresponding norbornadien-7-yl derivative. Rela- 
tive solvolytic rates of some representative esters at 


25° are given in the following table. 
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Table 5 
Relative rate Reference 
| x 
: 1 86 
xX 
: 10° 85 
X 
7 io7** 64 
».4 
2 1014 86 
x 
14 ; 
. Bx We Gharss.sawork. (4) 


*The hydrolysis rate of anti-norbornen-7~-yl chloride in 80% 
aqueous acetone was compared with that of norbornadien-7-yl 
chiLor ide fie relative: rates) of ‘a ‘given pair of pecoluene= 


sulfonates is assumed to be the same as those of the chlor- 


ides and methoxyacetates. 
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In comparing the solvolytic behaviour of the bicyclo[2.1.1]- 
hexene and anti-norbornen-7-yl systems, the additional 
anchimeric assistance observed for the former is undoub- 
tedly due to the shorter distance between the double bond 
and ithe formal ‘cationic centers jAgain in ithisstudy tht 

is apparent that the effect of the bond angle at the reac- 
tion site plays a minor role in systems possessing favour- 
anole, geometry Lor homoallylic participation. Thus, al— 


though the bond angle (Cy = (CL Cy) in. bicycio(Z.i, 1)— 


S) 
hexene derivative is undoubtedly smaller than the corres- 
ponding angle (Cy - Ca = Cy) in norbornenyl systems the 
former ysystem exhibits ca. 5.x line greater solvolytic 
reactivity®’, 

Alternatively, as was done in a recent study, 
the relative solvolytic rates of unsaturated’ esters and 
their saturated analogs can be used as an indication 
of the amount of anchimeric assistance observed for a 
particular system. However before such a comparison is 
undertaken, the choice of a Saturated ester as a model 
has to be made carefully. The solvolysis of exo-bicyclo- 
[2el\. Ll] hex-5-yl tosylate (32) has been studied and it was 
shown that the saturated ester itself undergoes anchimer- 


ically assisted solvolysis. An extrapolated value for 


the acetolysis rate constant for this ester at 25° is 
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Ka= 2.24 x VOuensecun. However, the unassisted rate for 


this system as calculated by the Foote-Schleyer equation 


= 18 — 
Ss 


should be k = 2 x 10 ec  . Therefore the solvolysis 


of exo-bicyclo[2.1.l]Jhex-5-yl tosylate is anchimerically 
aosisted byia factor of ca. 1 x 10". If the calculated 


rate is used as the unassisted model the following ratios 


are obtained, 


Table 6 
xX ay es Reference 
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tie above results demonstrate the influence of the dis-— 
tance between the double bond and the developing carbon- 
ium ion center on the rate of solvolysis of representative 
esters. Shortening of the saturated bridge, in the above 
bicyclo[n.2.l]derivatives, brings the potential cationic 
eenter closer to the’ site of unsaturation. Thrs enables 
more effective homoallylic participation, which is reflec- 
ted by greatly enhanced solvolytic rates. Even in the 
endo-bicyclo[3.2.l]oct-8-yl system, which exhibits the 
least arichimeric assistance of the examples presented, 

the delocalization of the charge in the intermediate seems 
substantial, as demonstrated by the retained configuration 
in the solvolysis product. 

The extremely high rate enhancement observed in 
the exo-bicyclo[2.1.1jhex-2-en-5-yl system indicates the 
involvement of a very stable nonclassical type of inter- 
mediate. This is further confirmed by the exclusive for- 
Mation of the product of retained structure and configu- 
ration. Thus the acetolysis of the exo-bicyclo[2.1.1]hex- 
enyl methoxyacetate is best described as proceeding through 
a bis-homocyclopropenyl type of intermediate. This inter- 
mediate was directly observed by NMR spectroscopy. A solu- 
CLO OL exo-bicyclo[2.1.1l]hexenyl acetate (14) in methylene 


chloride was transferred into fluorosulfonic acid under 
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vacuum at liquid nitrogen temperature. The solution was 


mixed at -60°, giving a bright orange color in the lower 


layer’9, 


2 # 3 OAc 


Rt 


The NMR, spectrum, using methylene chloride as an internal 
standard, exhibited the following signals: Tt 3.35 aee 
Sorved"a ur, ooo (unresolved dy 27, "Go cur tat, bay. 
fee0 *Coverlap or Gd and si; LH’ amaypy).tanc 3724 “od Pern). 
Prradtacvion at elther ? 6/30 "or'7 sO" collapseu the signat 


att oO. 24 into a adoubret. 


H 6.80 


The NMR signals of the bicyclo[2.1.1]hexenyl cation have 


80 


been assigned as shown on the above diagram This spec— 
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trum is quite similar to those recorded for some other 
nonclassical cationic species (see page 73 and the above 
diagram for norbornyl cation). In these ions, the chemi- 
cal shifts of protons attached to the bridging carbon atom 
atetatiawquitechightfieldarafhisris thought to be due to 


Ene. charge delocalization involving C and the rehybrid- 


243 


80. As seen from 


ization of the carbon atom in question 
these spectra, the "olefinic" protons in different cations 
resonate at approximately the same, low field region. 

In conclusion, solvolytic study of =the bicyclo- 
{[2.1.lJ]hexene system provides an additional example of 
homoallylic participation. Due to the favourable geomet- 
ric relationship between the double bond and the potential 


cationic center a uniquely large anchimeric assistance to 


ionization was observed in this system. 


Solvolysis of exo-anti-tricyclo[3.1.1.07"“]hept-6-y1 


p-nitrobenzoate 
After successfully completing the synthesis of 


or nept-6—-y1 p-nitrobenzoate 


the exo-anti-tricyclo[3.1.1.0 
(12) a study of its solvolytic reactivity was undertaken. 
The products and their structural proofs are described in 
the first chapter of this thesis, The ester (75) solvol- 


yzed in 60% aqueous dioxane with liberation of 0.76 equiv- 


alent of p-nitrobenzoic acid. The progress of the reac- 
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tion was followed by titrating the liberated acid against 
a standard solution of sodium hydroxide in 60% aqueous 
dioxane using phenolphthalein. The rate constants were 
corrected for the amount of internal return and provided 


the following activation parameters: 


Ie te = 1 (G0 0.08). x WO ecece 
is BS pcceal 
Kio. ge°= (2-66 + 0.13) x 10sec 
AH’ = 22.5 + 1.8 kcal/mol 


Ast -19.,8 + 4.6 eu 


These data give an extrapolated rate constant for the sol- 


volysis of the tricyclic ester at 25°; 


x -9 -1 
Kos Sie COLL LO ees ec 


oy reaction parameters for the solvoly- 


Recently reported’ 
sis of the anti-norbornen-7~-yl p-nitrobenzoate (924) in 
the same solvent system give an extrapolated rate constant 


at 25°: 


~ dal. -1 
Ko5 = 71 S xO sec 


Thus thes solvolysis of theetricyoeliceester (75) proceeds 
about a hundred times faster than that of the correspond- 
ing anti-norbornen-7-yl derivative (92d). Rates of sol- 


volysis of some representative esters are given in the 
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following table, 


Table 7 
x relative rate reference 
ty 1 72 
X 
dy 10. 72 
x 
do 10a 106,107 
x 
oe * 
po 16, (lo -} 85 
Xx 
ae 5 x 1024 P 
| x 
=e Ne this work 
x 


* ; - 7 ; 
The relative rate in parentheses is the unassisted rate 


as calculated by the Foote-Schleyer equation, 
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Besides demonstrating the ability of the double 
bond and cyclopropane ring to greatly enhance solvolytic 
reactivities, this above table allows additional compari- 
sons. The rate acceleration observed for the anti-norbor- 
nen-7-yl system (92d) is 70. relative to the correspond- 
ing saturated compound. The related exo-anti-tricyclo- 
fee e0 GO iecteg-y i derivative (105) exhibits an addi- 
tional thousand-fold rate acceleration when compared with 
the unsaturated ester (92d). The additional rate accel- 
eration may be rationalized in the following termst?®: ee 
examination of models indicates that the participating 
Orbitals of the tricyclic ester are disposed more favour- 
ably towards the incipient carbonium ion than are the 
corresponding orbitals in the unsaturated ester. This 
effect is illustrated in the following scheme which depicts 
both side and front views of the two systems. Angle 6 of 
the tricyclic derivative (105) is less than the corres- 
ponding angle in the-anti-nerbornen-j-yi derivative (92d). 
The front view diagram shows that the participating cyclo- 
propyl orbitals are oriented in such a way as to allow more 
effective interaction “than, are. the rp orbitals of the 
double bond. Both of these effects, it was suggested by 


authors, lead to more effective orbital interaction and 


may in part account for the additional anchimeric assis- 
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In comparison, the pentacyclononyl D-ni ereben= 
zoate (107) solvolyzes some 80 times slower than the 
tricyclooctyl ester (105) or about 10 times faster than 
the corresponding anti-norbornen-7-yl derivative. The 


=) Observed for the pentacyc- 


smaller rate acceleration (10 
lic ester (107) compared with the tricyclic ester ea) 

was discussed in terms of extra strain release in the 
transition state of the tricyciie p-nitrobenzoate (105). 
The tricyclic compound—rearrangesito a less strained struc- 


ture while the pentacyclic ester yields product of 


retained carbon skeleton. In addition, the change in the 
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Orientation of the cyclopropane ring was considered. It 
was suggested that due to the incorporation of the cyclo- 
propane into this polycyclic ring system it might become 
less favourably oriented towards the potential cationic 
center. 

In analogy to the relative reactivities described 
above (in particular, those of 105 and 929) one would 


414) epesc-yl 


expect that the exo-anti-tricyclo[3.1.1.0 
({pe) derivative would exhibit greater solvolytic reacti- 
vity (ca. 107) than the appropriately substituted bicyclo- 
[2.1.l]Jhexene system. Contrary to this expectation, a 
Slight™xate retarding effect (cas/l0)yWwas observed. Gon- 
Sideration of some dihedral angles in models of these com- 
pounds did not reveal the origin of this discrepancy. 


102 have indicated that the 


Some theoretical calculations 
amount of stabilization of the tris-homocyclopropenyl cat- 
ion is dependent on the angle by which the C, is «raised 
above the plane of the molecule. It was also predicted 


that the maximum stabilization would occur if the C, is 


raised about 80° towards the chair form. 
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The X-ray data are available for the anti-norbornen-7- 


yur tha 2,4 LO 


(a) and Seyncire cyclo; S22 nd Joct-8-yl system 
(b) and they reveal that the angles under consideration 
are ca. 56°. By comparison of molecular models it was 
concluded that the angle in the bicyclo[2.1.l]hexene deri- 
vative (c) has a similar value. The X-ray data obtained 


in this study for the exo-anti tricyclo heptyl (d) system 


reveal that the pertinent dihedral angle is ca. 76° 


. . ct ce 
a b S 4 
Wiech Gives rise to the prediction that the tricyclol3. 1. 
1.07’ *]heptyl derivative (d) should exhibit the largest 
solvolytic reactivity of the systems under consideration. 
The reason £or this discrepancy! is obscure at “this «time 
and therefore any further discussion would necessarily be 
Of thighly, speculative natures 

Another way of estimating the amount of anchi- 
meric rvassistance:-to “ionization: in solvolytic treactions ais 

a0 


the semi-empirical method devised by Foote and Schleyer 


that has been mentioned several times. By this method the 
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unassisted solvolytic rate can be calculated by taking 
into account the bond angle strain, woorsional -strain, 
nonbonded strain and inductive effects. The amount of 
anchimeric assistance is then obtained as the ratio 
Between the observed rate (relative to that of cyclohexyl 
tosylate) and the calculated rate. The following equa- 
tion correlates the carbonyl stretching frequency of the 
ketone with the rate of solvolysis ee the corresponding 


PecoOnUaty tosyl ester in@acetic:. acid at.25 . 


te hee eben ise kt (L715 - Veo cm )/8 


Tne effect, of torstonal Strain can likewise be estimated 


from the expression: 
Te 2 ae eet cos3$;) 


This term considers the effect of the dihedral angle be- 
tween groups around the reaction site. ‘The effect of non- 
bonded interactions is assessed by the (GS - TS) term. 
Finally, when electronegative groups are present in the 
molecule, an empirical correction for their inductive 
effect 1s employed. The appropriate *values for the last 
two terms are available in the literature. The equation 


that relates all these terms with the relative rate is 


given below. 
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log k,. = (1715 - v,)/8 + 1.32 (1 + cos3$;) + 
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+ (GS - TS)/1.36 + Inductive Term 


This equation was successfully employed for calculation 

of relative rates of solvolysis for numerous tosyl esters 
Pn acecwc acidrat. 25°, -1f the method is tobe applien-to 
esters other than tosylates then an estimate of the solvol- 
ytic rate for the corresponding tosylate must be made. 

For the solvolysis of a p-nitrobenzoate in some coinmon 
solvents this estimate can be achieved by multiplying by 
a factor/of Hohe the solvolytic rate of the p-nitrobenzo- 
ate (25°). The value thus obtained represents the 
estimated rate of solvolysis of a given tosylate ina 
Particular solvent system. 8y utilizing appropriate fac— 
tors available in the literature’?? the above rate can 
then be converted into an eStimated rate in acetic acid. 
The results» of the application of the Foote-Schleyer equa- 
tion to some pertinent systems are given in the following 
tabic. 


Identical treatment of some other systems pro- 


vided the following Values ** 7s 


BsO 


Bs 


Log. anch, S65 aac] 
assistance : 


iat 
he ~~ Set oe 
. ‘ 
- 8D) ad 
- 
5 
4 THE « 
i] 
f , ite - >< 
ee 
ES, é £0 
I 
i Pe } 
P 
roy 
‘ 
a ‘ ’ 
»5 i ela : 
; A 
ss ; Ubeees- eh ae 23 vi Ae 
J oJ¢ een me | CB ke 4 had e ns s FS 
- 7 
Vin 
. 4 t PS fy I 
f weal v 
; j ; ¥ 4 L ry 4 


.o elewovier to ess3 bojsmis ee 
7 
—I52 sds ised mwrtaiitun y@ ,magaye Snevios rslwots a 
4 a 
eyods od 32a ats Mt ote Lda az08 


Bis 9996 sf 2: as one eye ed ae dy 


“Supe isyéeLdpea-es00% oitg to aol obigas, & rr) 30. eyivaen ii 


pt bee hf | ofS 2 aeavip Sto « RE ae 


; - y LP 
-p4¢ esarage rwetse anon to tonmasrs Iwossnobl 


a. x. pha” ren woilo® we 


wo ATOM 

eed GOT: Ouse BiG 
C Eo Cal Las een LS 
80T Shere Laot a3 Se 
es 5 =Car EAE iA So. om 
a 0 Orae= 0--L= 
Ss tee 0 LO 


peazesqo “*aTed 


DOURASTSSY 


Seg Ore ses ae “eZ 


{POT 


GeO 7°0 
{is Va0 
S.0> v°0 
Gy 0- e730 
0 Beis 
0 0) 


SATIONPUI SI-Sy 


8 STqeL 


09‘09 


09‘09 


09‘09 


09709 


09'09 


oorheq 


88LT x —# 
Ofer 
x 
O9Lt me 
O8LT AE 
x 
3 
| 


Sy Be 


Lhe 


Comparison of the above two compounds with the 
fast three esters :in the table clearly indicates that the 
amount of anchimeric assistance greatly depends on the 
relative configuration of the participating cyclopropane 
ring and the leaving group. It is interesting to note 
that according to the results of the applications of the 
Foote-Schleyer equation to the above compounds, the exo- 
anti-tricyclo[3.1.1.07/*]hept~6-y1 system (75) exhibits 
the largest amount of anchimeric assistance. Since the 
ketone corresponding to the bicyclo[2.1.1]hexene skeleton 
is not known, it is not possible to apply the above eal 
culation to that system. Regardless of the relative reac- 
tivities of the unsaturated esters and their counterparts 
containing a cyclopropane ring the characteristic feature 
emerging from these here baer: is a tremendous anchimeric 
assistance observed for derivatives possessing either of 
these functionalities in proper geometry relative to the 
departing group. 

All the evidence accumulated in this study indi- 
cates that the solvolysis of exo~anti-tricyclo[3.1.1.0°'"]- 
hept-6-yl p-nitrobenzoate (72) proceeds through a nonclas- 
sical type of intermediate. Carbonium ion formation begins 
by equal contribution of cyclopropyl orbitals from Cc. and 


C, which can lead to the formation of two possible inter- 
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mediates*9®, If equal contribution continues, a cyclopro- 


penyl type of intermediate is formed. Alternatively the 
contribution from one of the atoms can predominate, thus 


leading to the formation of a classical intermediate (109). 
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The two types of intermediates under consideration would 
lead to different stereoselectivity of product formation. 
Therefore the product analysis study is indicative of the 
type of intermediate involved. As already indicated the 
endo-tricyclo[3.2.0.07’ ]heptyl alcohol (76) and the cor- 
responding p-nitrobenzoate (77) were the exclusive pro- 
ducts of solvolysis of exo-anti-tricyclo[3.1.1.0°" “*]heptyl 
p-nitrobenzoate. A control experiment indicated that the 
isomeric exo-tricyclo[3.2.0.0°’/Jheptan-4-ol (72) 


survives the reaction conditions. The exo~-anti-tricyclo- 
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[3.1.1.0 °’ “Jheptan-6-ol (87) was likewise tested and found 


tCoO.mearrange slowly into a single product, which was ten- 
tatively identified as A? -cyclohexenecarboxaldehyde (coin- 
jection with an authentic sample, mass spectral comparison). 


However neither exo-anti-tricyclo[3.1.1.0°'4 


Jheptan-6-ol 
NOK A? -cyclohexenecarboxaldehyde was present in the sol- 
volysis product. 

The exclusive formation of EeCArranged  pLroauces 
indicates extensive delocalization of positive charge 
from CA to C. and Cy in the intermediate. The presence 
Crea. 20% Of (Cheton. palr areturn, product implicates the 
involvement of a relatively stable cationic species. 

The high stereoselectivity of the product for- 
mation provides similar and more compelling evidence. The 


related ericyelol3 2.0.07 


Jheptan-4-one (84) on reduction 
with sodium borohydride yields exclusively the product of 
exo attack. In contrast endo attack is the exclusive 
mode of approach by nucleophilic species to the corres- 
PoncingsCcation under solvolytic, conditions. — Thais 1s con 
sistent with an electronic effect which shields the exo 
side and directs the approaching nucleophile to the 
sterically more hindered endo side. 


Accelerated rates of solvolysis, lack of exten- 


sive rearrangement and the stereospecific formation of 
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products have all been taken as evidence for the formation 
Ofeautr is -homocyciopropeny | cation, jin one case the for- 
mation of the ion-pair return product was interpreted as 
berngrindicativetophSthe presence of a rélatively long lived 
Gation--°é According to these criteria the solvolysis of 


the exo-alitietrioyelop3. b/1a0+**}népt=6-yl p-nitrobenzoate 


proceeds via a nonclassical intermediate. 
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Gil - STUDY ‘OF THE RMOLYS ES 
HISTORICAL: 


Sigmatropic Reactions 

A Sigmatropic reaction of order [i, j] is de- 
fined as "the migration of a o-bond, flanked by one or 
more t-electron systems, to a new position whose termini 
are i-l and j-1 atoms removed from the original bonded 
LOCI, Un’ an uncatalyzed intramolecular process," 24 Some 


generalized illustrations of sigmatropic reactions are 


shown below. 
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As Li lustrated tor’ the-([ly “5) *niydregen Migration there 
are two topologically distinct ways of effecting this 


migration, 


= 


in «the,-suprafacial..process, the hydrogen interacts, at, all 


antawnaraecral 


times with the same face of the 7 system. In the antara- 
facial process the migrating atom passes from the top face 
Of one carbon, to the, bottom face of another. 

The transition states for thermally induced 


reaction may be considered as consisting of interaction 
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between a hydrogen atom and the highest occupied molecu- 
tear orbitals of abradicak, ‘contdining 12k. 7 3rrelectxons, 
This is illustrated on the [i, j] sigmatropic migration 
within the all cis polyolefinic framework. 

19 J 
R,C=CH- (CH=CH) CHR, ——® RCH (CH=CH) CH=CH, 


A B 


The highest occupied molecular orbital has the 


form shown: 
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In order to maintain positive overlap between the highest 
occupied orbital of the olefinic system and the hydrogen 
@rbital, the isomerization o£ A_> B must occur thermally 
by a suprafacial path when k is odd, and antarafacially 
when k is 0 or even. For transformation involving the 
excited states, the important consideration is the inter-— 
action between the lowest unoccupied orbital of the poly- 
enic chain and the hydrogen atom orbital. Thus the sel- 


ection rule is precisely reversed, as compared with that 
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for the ground states. The selection rules for SERS jiite vate i 
pre changes ‘of-thevorder™(@, 4) "for" “<P 7 aretstmmariczed 


in the following table. 


Table 9 
Selection Rules for a Sigmatropic Change 


Ofethe Order. | iors 


fe Borie] Thermal ci bed State 
bl pS] Antarafacial Suprafacial 
Pee Sr ee] Suprafacial Antarafacial 
ig aa ad Antarafacial Suprafacial 


Ben Signmatroprerchanges “of order {i, 3] in which both-i 
and } are greater than 1, the appropriate selection rules 
have also been derivea®*, 

Sigmatropic reactions that violate these selec- 
tion rules may be taking place through multi-step process; 
these are expected to proceed through higher energetic 
barriers than concerted reactions. 

The nature of the orbital binding the connect- 
ing atom of the migrating group R £O the unsaturated sys-— 


84, 114 and therefore must 


tem plays a very important role 
be specified. If-and only ff the orbital involved 16 sym= 


metrical (s-orbital) or one lobe of an unsymmetrical orbi- 
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tal (p-orbital), then *thesrules summarized sn the above 
table apply. In such a case a sigmatropic reaction occurs 
With retention of [configuration at the migrating atom. 
However, if the migrating atom uses both lobes of an unsym- 
Metrigal orbital. (preorbital) duxing the reaction, then the 
rules summarized in the table are precisely reversed 
(thermally. induced “[1,,.3], migration is suprafacial etc.) . 
addition, Since “the migrating group Uses the opposite 
faces of its connecting atom in the transition state, 

Such. a process occurs with inversion of configuration.at 
the atom under consideration, The above discussion is 
illustrated in the following scheme by the example of the 
bro |) SigmabgroOpic migration. 
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[2, 3] antarafacial Sigmatropic Shift. 


ey, 


uses a symmetrical or one lobe of an unsym- 


metrical orbital (retention). 
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fo be supratecdea | Sho rttrwitn pinversion vor 
configuration.. R uses both lobes of an 


unsymmetrical orbital. 


In order that the orbital symmetry rules be ap- 
plicable, the unsaturated system under consideration must 
retain approximate coplanarity in the transition state. 
If a potential reaction were to involve distortion of the 
carbon framework to the extent that overlap within the T- 
system is impaired, then such a symmetry allowed process 
would be rendered difficult or impossible. This may ex- 
plain why no examples of thermal [1, 3] hydrogen shifts 
have been found. For the same reason antarafacial pro- 
cesses are impossible for transformations within small or 
medium size rings.” Thus; the study of [2, 3] sigmatropic 
SHLiECS 1S. .practicamsy restricced to {he suprataciai*® pro 
cesses. 

Of primary, concern) in this” thesis are chermaiity 
@nauceas |l, 3] sigmatropic reactions. 

Whether or not the particular sigmatropic rear- 


rangement is proceeding via a concerted or stepwise path- 
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way can be tested experimentally in one of the following 
ways: 

a) by determining the stereochemistry of the pro- 
ducts and comparing it with the geometry predicted by the 
selection rule: a reaction proceeding via a concerted 
mechanism necessarily must yield products of the predicted 
stereochemistry. 

b) by determining the kinetic parameters and compar- 
ing them with those that were estimated on the basis of 
the transition state method calculation. These estimates 
are specific to the free radical pathway and concerted 
reactions are implicated when the observed value for energy 
@f activationrand a frequency factor are significantly 
lower than the predicted ones. 

c) by obtaining direct evidence for the presence 
of radical intermediates. 

In 1968 Berson and Nelsontt4 studied thermal 
isomerization of specifically labelled exo-7-d-bicyclo- 
[3.2.0]-2-hepten-endo-6-yl acetate (111). to norbornyl ace- 
tate. Since antarafacial migration is improbable in: small 
and medium sized rings, only two alternative pathways ap- 
peared feasible: 

a) [1, 3] suprafacial sigmatropic shift with inver- 


sion at the migrating center,, or 
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b) a stepwise process that would lead either to 


randomization (if free rotation around Ce ~ Cao is faster 


than the reclosure of the Cy - C4 bond) or retention (if 


the situation is reversed) of stereochemistry at the migra- 


ting carbon atom. 
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Pyrolysis of 1,1, was quenched at 6-30% completion (because 
of competing reactions) and the exo-norbornen-2-yl acetate 
(112) was shown to contain at least 95% of deuterium in a 

cis position to the acetate group. Thus the rearrangement 
proceeded in a stereospecific manner with inversion of con- 


figuration at the migrating centre. The following transi- 


BSL" 


od xatixis bo4k bévow aedh mem 
tagas? af oo - 49 beavers naisesee: wid, 6) | 
22) sobtnsses so (Brod {oO = f2 actin GA: 
-stpin oid 35 ea? Pimalivomiers he. (beasioves ak: 


oS AO 


q 


SAC 


séyenad) dotzolqane #08~-) 26 bexonemp’ aew Hs ‘Yo. 
2363208 cieieninanier 4 et? bas | (anabiowes eakge 


Bas hs 


tion state was proposed , 


OK 
If the 3-53 of the endo-3-c rseomer (114) that were found 
in tne pyrolysis product were formed via a stepwise pro- 
cess involving a diradical intermediate (115), the activa- 
ulon Menergy” for “such a process is “only 2.5 kcal/mole higher 
than that of the concerted process. 

In the transition state (113) the migrating car- 
Bort and its two substituents lie in a plane perpendicular 
to the five member ring. By the attachment of a bulkier 


Gqmoupeso *thevendo"e) position, (according to “the authors) 


7 


the steric interactions in the transition state would pro- 
bably become so severe that the stepwise process might be 


dominant in the reaction. This assumption was verified in 


16 


their subsequent study of the endo-bicyclo[3.2.0]hept- 


2-ene-6-yl acetate having a methyl group in the endo and 


exo C. position. 


aq 


i969 Frey et ae reported a study of the 


thermal gas phase isomerization of bicyclo[2.1.1]hex-2- 


ene (10). 
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The reaction was found to proceed quantitatively and for 
Lhe temperature range of 149-190° the first order rate 


constants were fotind to fit the Arrhenius equation: 


Moree Syst OS OF/ 


k = 10 exp (-35.170 + 140/RT) sec™* 


There are no methods available for estimating the activa- 
tion energy for the concerted process. The frequency fac- 
tor however, can be estimated and the predicted value is 
A= to. On the other hand both E. and A can be esti- 
mated for a stepwise process uSing the method developed 

by Benson and Olved ine Thas® Calculation predicts, an 
energy of activation of 36.4 kcal/mole and a frequency 
BACCO T sO. 0 The close agreement between the value 
of the, A. factor predicted for a concerted process and the 
observed value led the authors to conclude that a step- 
wise process does not play a major role in this reaction. 
The comparison of the estimated energy of activation 
(36.4 kcal/mole) with the observed one (35.17 kcal/mole) 


seems to suggest that the energetic stabilization of a 


concerted transition state in this case is not very sub- 
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The same authors studied the thermal isomer- 
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Pablo OL ttre vcrore. or 0%0 
tion must proceed through a radical dissociation-hydrogen 
migration process since the presence of the extra ring 


makes a concerted reaction impossible. 


sa Colles 


Lar 


Prrst Forder rate constants were found to fit the Arrhenius 


equation 


oe 194-39 as eee ee = 130/RT) 5,71 


The comparison of activation energy observed for ,]5 with 
that observed for bicyclo[2.1.1]hex-2-ene (10) is not very 
Meaningful. The extra strain present in the tricyclic com- 
pound (115) probably lowers the activation energy required 
for. a, airadical, process! The estimated value of the A 


factor for a concerted process is Lae oe (assuming that as* 


= 0). The observed value of the A factor is 10n*t?? cor- 
responding to a slightly positive entropy of activation, 


which is reasonable for a diradical intermediate. 
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We reported adim'1969 a study of the thermolysis 
of exo-bicyclo[2.1.1]hex-2-en-5-yl acetate? (14). 

Later in the same year Roth and Friedrichtt? 
described the thermal behaviour of epimeric 5-methylbicy- 
clo[2.1.l]Jhex-2-enes. The two epimers underwent ther- 
molysis at different rates (endo isomer being ten times 


slower) yielding the following products. 
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The rearrangement of 116 proceeds in a stereospecific man- 
ner giving the product (118) of inversion of configuration 
at the migrating Ce centre, The rearrangement of 117 is 
less stereospecific; however, the product formed by inver- 
sion of configuration (119) is still predominant. 

The difference in stereospecificity and the rate 


of reaction of the two compounds (116, 117) was explained 


eS 


0 © Mee: ete ro nN, Sinai LHe 
7 LAL eer) SSO Seray a on. ib, seat 
bri vita Sad ~ re ite rhage awrenid’ oda. : fen 


: e a é 
4 —3 (Dab iy Ton 1. Swe AE, nemo 96 Ud ¥ LS 
: > vay — my 
Heme aberay, ‘ae 18% Sotaes EB. sein 
uy ia. Vf tak ays enthiely 
} ] bes 

j Ls 
; ¢ \ \ ey wm 

\ \ maw 

Ya 
i } ‘ rc ll yes pm elem 


ysl 


NUfos plese! Ao Woleeeves Fe ah scctentad 
‘ 7 y a 
Pha) SO reas paartyet aly LED Piel yrtae: s) 


“xd nit ‘id Comer taoghe “S wh seid (sativages 
Saaeobore | [itse nd rey fda 

a al iedaaes: sain eof eh: anit 

bis in lige see ACeeT te *hravodgege oes ted 


© / 
af . - - an 


lS HS 


in the following manner: 
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The exo methyl isomer (116) rearranges through a transi- 
tion state (120) in which the methyl group is positioned 
Outside the ring. In contrast, the endo methyl compound 
(117) proceeds through the transition state (121) in 
which the methyl group is positioned over the ring and 
therefore suffers strong nonbonded interactions. As a 
consequence the distance between the methyd) Group and the 
ring is increased, resulting in less effective orbital 
Overlap and thus making the stepwise process competitive, 
resulting in a decreased rate of rearrangement. Likewise 
the tendency for the less substituted methylene bridge to 
migrate is increased, 

Baldwin and Brown??? in ‘a stucdy.of. a thermal 
isomerization of the exo-methylenecyclohexadienamine were 
able to obtain direct evidence for the involvement of a 
radical dissociation-recombination mechanism. When the 
“rearrangement (122 2 LZR) was carried out between 120- 


170° in the probe of an NMR spectrometer emission and 
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enhanced absorption were observed in the NMR signals of 
the protons directly attached to the carbon atoms involved 
in the rebonding process. Observation of chemically in- 
duced dynamic nuclear polarization strongly suggests that 
Boe reaction 1s proceeding vie a diradical mechanism. 
Testing of the mechanism of sigmatropic reactions 
by following the degree of their stereospecificity has been 
the most» successful of the methods employed. The other 
two methods are not particularly decisive but they do pro- 
vide an insight into the mechanism operating. The draw- 
back of the method employing estimation of activation 
parameters is that in some cases the difference between 
predicted and observed values are not large enough as to 
implicate clearly one mechanistic possibility. On the 
Other hand the crpnpt?t phenomenon is necessarily time- 
dependent and therefore its absence does not exclude an 


extremely short-lived diradical intermediate. 


CH Sy ear 
Fare << 
No cle 

CH, 
———— > 


ta tan 


27 (EL enele A) we 


; é 
Movi aVals MO MOOR ED 


+i BU RRUR Ieee te 
eine shake) Le bkoat th x giv vathuaces Rp 
dee ale cuanitinnd i >) alo eae vit Ais phbcion: 
cil VRS; we ine huge Se Havel nd4 


eft Rigayeat 775 wus enn eT, Ya) KU, onesie 
ob y Lathiyod seat ae Boke | 
a ek begin at ogas; seksi, ae 


= 


) io aime peta name porte at, Be ms 


mewElh wit eet aie ah sass ek boa, 5 


, favre die é banty GTB We age erp ere bing 7 


The, vi) a Pita. evege ry) “ae Os totam one eirnodni/h fe - ig 


E ahee aay sal oiltiiieeialtt ‘ bowgng oe, pa: ae > 
Hivitora Ian’ tox Vere ee ast ots eared ‘Bem. neha 9 ; 


¥ 5 a a) win 
= er 


5) iba id uty nab ana 


Pte ee 


LBD. 
RESULTS AND DISCUSSION: 


Thermolysis of exo-Bicyclo[2.1.1]hex-2-en-5-yl Acetate 
From studies of the products, it was suspected 
that the thermal conversion of exo-bicyclo[2.1.1]hexen- 
5-yl acetate (14) EO CxXO-Dicyclol 37.0] nexen-6-y il acetate 
(33) was taking place during the solvolysis of bicyclo- 


[2.2.0]hexenyl p-nitrobenzenesulfonate (52) « 


OAc 


LA 53 

Mie Gistribution ~of acetates~products (14 and re) varied 
with the reaction time and 53 became the major. product 
(-902) after ten solvolytic half lives... The structural 
proof for the exo-bicyclo[3.1,0]hexen-6-yl acetate is pre- 
sented,in Part one.of this thesis. 

The isomerization of ee was studied in n-dode- 
Cane py monttoring. (gloc) the disappearance Of the start— 
ing material against an internal standard. The isomeriza- 
tion was first order and provided the following kinetic 


parameters. 
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The rate of isomerization was also measured in acetic acid. 


y et 
Coane (a2 Sf 20). Ale ese Om asec 
oa oroed (346000 #80) x secs 
AH’ = 29 kcal/mol 

AG) = Deed 


n- dodecane _ 


tne I nsigniticance Of the rate difference: (ko =... _ = 
acetic acid 


Leo pocuitessout, thei possi bbbitysthatathis process isrof an 
LOnLC nature. 

As previously noted during the entire course of 
Peesehewna) isomerization of exo-bicyclo|2.1.1)hexenyl 
acetate (14) onlyethenrormat ienmoftexo=bicyclo[sele0jnex= 
enyl acetate (23) was observed. No endo-bicyclo[3.1.0]- 
hexenyl acetate (62) was formed. When this latter com- 
pound (62) was subjected to the thermolysis conditions it 
was recovered unchanged after a reaction time in which 
the thermolysis of a4 would have been essentially complete. 
This control experiment demonstrated that the endo acetate 
(62) was not involved in the thermolysis of the exo-bicyclo- 
[2.1.l]hexenyl acetate (14). Indeed the observed stereo- 


specificity indicates that the rearrangement is a supra- 
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facial [{1l, 3] Sigmatropic migration proceeding with inver- 
s10n Of contiguration at the migrating centre. “Formation 
of exo-bicyclo[3.1.0]hexen-6-yl1 acetate en) WOULG OCCUL 
ehrough “the following transition state, which is in accord 


Wath the principles of orbital symmetry conservation®+, 


Although the kinetic parameters obtained are the first for 
tabs -lype Of reaction, the lack of any suitable model for 
comparison precludes these data from being particularly 
revealing. 

The above thermal isomerization is a reverse of 
the well-known vinylcyclopropane~cyclopentene rearrange- 
ment. Since the vinylcyclopropane~cyclopentene rearrange- 
ment is exothermic the reverse process is only rarely ob- 
sexvedt--, In bicyclo[231li:ijhexene the strain of the 
system makes such a process possible. 

The rearrangement of vinylcyclopropanes has been 
extensively studied and was shown to almost certainly pro- 


NS) 


ceed via diradical intermediates. Willcot has shown 


that in the thermolysis of specifically deuterium labelled 
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vinylcyclopropane the loss of stereospecificity of the 
jabelled site occurs at least five times faster than its 
rearrangement to cyclopentene. These results were explained 


on the basis Of” a diradical intermediate, 
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MieeclNermolysis O21 Ccis—Z73-dideurerlo-vinyicyclopropane 
(Zn), studied by the same group provides some additional 
evidence for the intervention of a diradical intermediate. 
Rees Mixture Of Llanes uand ete-2) 3-dideucers® vanyicyclo- 
propane was produced. This scrambling of the label is 
indicative of a dirdadical in which free rotation “around 


CG ="C bonds 1s rapld Lelative tO the rate of ring closure: 
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However, the question of whether or not this radical is 
involved in the vinylcyclopropane-cyclopentene rearrange- 
ment has not been established. The present studies clearly 
demonstrate that at least the thermal conversion of 14 to 
23 proceeds in a concerted manner. Stereospecificity 

was also observed in the thermolysis of exo-5-methyl 
bicyclo[2.1.1l]hexene’t?, Some evidence has been presented 
that the isomerization of the parent hydrocarbon proceeds 
in a concerted manner’. However undoubtedly the pre- 
sence of substituents on the system undergoing rearrange- 
ment may profoundly influence the course of the reaction; 
extrapolation from the substituted molecules to the parent 
Compound 1s not possible, Thereforesa study of the’ ther- 
mal isomerization of a specifically deuterium labelled 


picyclo[2.1..) nexene (10) would be warranted. After such 


a study has been completed, one can define the role of 
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cher diradical in thervinyicycropropeane-cyclopentene, rear— 


rangement with a~high degree of confidence. 


14k. 
IV. EXPERIMENTAL 


All melting points and boiling points are uncor- 
rected. 

The IR spectra were obtained on a Perkin-Elmer 
model 21 and 257 infrared spectrophotometers. 

Proton NMR spectra were measured with Varian 
Associates A-60 and HA~100 spectrometers. 

The mass spectra were obtained on A.E.I. MS-2, 
MS-9 and MS-12 mass spectrometers. 

Three glpc chromatographs were employed in this 
work (column packing material is specified in each parti- 
cular case): F&M 5750 research chromatograph, HP 7620 A 
research chromatograph, (both of which were equipped with 
6 ft x 3/16 in columns) and an F&M model 700 gas chromato- 
graph (preparative) equipped with 10 ft x 1/4 in columns. 

In all cases when the compound was distilled but 
HNO boating point 1s reported a. "cold sfringer”™ apparatus? “> 
was employed. It consisted of a cylindrical flask with a 
Spiral-path cooling jacket between the pot and the tray. 

A temperature-controlled coolant was circulated through 

thes jacket. By varying the vacuumand “the -temperature of 
the system a very effective separation of a number of com- 
’ pounds fromesolventwcouldebetachievedes Inathe caseyot very 


small quantities of compound the distillate was washed out 
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142, 
of the cold finger with appropriate solvent and directly 
subjected to NMR analysis. 


16 


(16) 


A 5 1. three-necked flask equipped with a mech- 


Preparation of trans-1,2-dihydrophthalic acid 


anical stirrer was charged with a solution of phthalic 
acid. (188. 9g, 1.13 mole) and sodium acetate. (270 g) in 
water.(1700 ml). -This solution was :cooled in an ice bath 
and 3% sodium amalgam (3008 g) was added in 100 g portions 
Over a 5 hour period. Immediately following the addition 
O£ each portion, 50%, aqueous acetic acid (15-20 ml, 750 ml 
total) was introduced. The temperature of the solution 
was kept between 8-11°. Stirring was continued for an 
additional hour and the mixture was decanted from the mer-~ 
CuLcy,. chen filtered, -Aftter=acidiiication by 2023 sulfuric 
acid (to pH V1), the solution was stored in an ice bath 
until precipitation was complete. The solid was collected 
in a Buchner funnel, washed with cold water (3 1.), and 
then dried under reduced pressure (90°, 20mm) to afford 


24 


155 g (848) of 16, mp 203-207 (lit.“” mp 207-214). NMR 


spectrum (acetone~d,): Teae0cy (spudn) > CR2sateyn2him 


Preparation of cis-1,2-dihydrophthalic acid anhydride (17) 


Acetic anhydride (800 ml) was heated to 105° in 


a three-necked flask equipped with a reflux condenser and 
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eimechanicalsstirner.meZotthgs ilask wassthen added 16 
(155-g7.0:92 mole):;..The,mixture was heated ‘at. 105° with 
Vigoroussstirring (for L5 minutes, safter\which. time all, of 
the solid had dissolved. The bulk of the acetic anhydride 
was removed in vacuo (40°/20 mm). Residual acetic anhy- 
dride was removed by stirring the solid residue with 
xylene, which was then removed in vacuo. After washing 
with Skelly B, the Solid was further purified by sublima~ 
tion (80°/0.1 mm) to afford 110 g (79%) of 17, mp 102-106° 
(lit, mp 111-113°). NMR spectrum (CDC1,) : 149. 0-456 

(m, 4H), 5.99 (m, 2H). The sublimed anhydride was used 


in the subsequent step without further purification. 


Preparation of bicyclo{2.2.0]hex-5-ene-2,3-dicarboxylic 


anhydride © (18) 


A solution of Ad (5 g, 33 mmole) in anhydrous 
ether (1800 ml) was photolyzed under a nitrogen atmosphere 
using a 450W mercury lamp (Hanovia type), which was im- 
mersed in the solution in a water cooled quartz ehh con= 
taining a Vycor filter. The solution was stirred magneti- 
cally and photolyzed for twenty hours. The quartz, well 
was removed every four hours and wiped free of yellow 
deposit,which blocked the effective jirradiation. (done.3- 
4 times). Ether was then removed in vacuo and the resi- 


due chromatographed (silicic acid-chloroform). Sublima- 
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Prone(6s~70° 4061 mm) prowided be52 91(303)-0f 18. After 
recrystallization from Skelly B/fether it had a mp 159-162° 


24 


Gast. mpAL60-164>... NMR spectrum, (CDC1..):: 1 tr 3). 550m, 


oie Ossteimn, 2p 6e62a%n, 2H)i% 


Preparation of ~exo-5-hydroxybicyclo[?.2.0]hexan-2,3-di- 


CaEtboxylice acid A) 


A solution of 18 (4.1 9, 27.3 mmole) in dry tetra- 
hydtofuran (80 m1).was. placed inga:500 mb round -bottom 
flask, equipped with nitrogen inlet and a magnetic stirrer. 
The flask was cooled to -15°. Diborane solution in tetra- 
hydrofuran (1.3 M, 13.4 ml) was then added over a period 
of 15 minutes. After addition was complete, the flask was 
kept at -15° for two hours. Excess hydride was decomposed 
by the addition of aqueous tetrahydrofuran (40 ml, 1:1). 
The organo-borane was oxidized at 60° by the addition of 
3 N sodium hydroxide (40 ml), followed by dropwise addi- 
Eon OF 30% hydrogen peroxide (16 ml). The mixture was ~ 
heated-for another two hours at 60°, then cooled to 0°, 
and acidified with dilute hydrochloric acid to pH 1.1. The 
tetrahydrofuran was removed in vacuo and the acidic aque- 
ous layer was continuously extracted with ether “for tCwenty-— 
four hours. After removal of the solvent the residue was 


‘dried by repeated evaporation with benzene (3 x 100 ml). 
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Crude 22 (5.3 g) was obtained as a white solid. NMR spec- 
trum of the corresponding dimethyl ester exhibited the fol- 
lowing signals (CDC1,): TAO eo OMe CeCe e aG% | 2 (Sy, LH) 


Seien(S CH), 76 00. (M2) eGo Mm, 82) fe fs 55. (Mm, 2H). 


Pleparateon Of jexo~5-acetoxybicyclo| 202.0 \hexan-2,3—-di = 


carboxylic anhydride (48) 


The crude 22 (24 g; 0.129-mote) was stirred with 
Syed ine. (0m) sand acetic anhydride’ (00 my) sats45° for 
twelve hours in an inert atmosphere. The bulk of the sol- 
Vent ewes pomoved in vacuo, —Theyresidual acetic anhydride 
was removed by stirring the residue with xylene (3 x 100 
ml) which was then removed under reduced pressure to yield 
34 g of crude 48. NMR spectrum (CDCl): ucres0 Yop el)+ 
630-760 atm, (6H) 7290. Coys) . PeTRaspectrum eee 1860 
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Preparation of exo-5-acetoxybicyclo([2.2.0]hexan-2,3-di- 


carboxylic acid (49) 


ee 


The crude A8 (34 g) was stirred in water (100 
mL) ‘at 80° for two hours, _ The water was removed under 
reduced pressure and the residual solid dried by repeated 
evaporation with benzene (3 x 100 ml). Chromatography of 
‘the resultant solid (silicic acid, 4% methanol in chloro- 


form) followed by crystallization from chloroform-ether 
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ee fommed 2.4 gq 705 49, mp 182-183.5°. NMR spectrum (ace- 
Gone-G-)- gq 8.94 (Sigs) or Mewicedt) el le koed Oe (ms eh) 
Selim Miyes lH) GA S94 (Ms 2H) ae 7098 (Ss eH) « 


Preparation of exo-bicyclol[2. 2.0] hex-5-en-2yl acetate (50) 


TAISOLUELTON Of 49 (1 g, 4.4 mmole) in water (9 ml) 
containing triethylamine (1.4 ml) was added to pyridine 
(97 ml) in an electrolysis eralibene The cell was cooled 
externally with an ice bath to maintain an internal tem- 
perature of about 20°. The solution was electrolyzed with 
an internal current of 0.8 A (DC) which, over a period of 
eight hours, decreased to less than 0.2 A at which point 
the electrolysis was discontinued. The reaction mixture 
was diluted with water (150 ml) then continuously extracted 
with pentane for twenty hours. The pentane extract was 
masned withacold) 2. Nie hydrochioric acid! (3)x 550 ml) 715% 
aqueous sodium bicarbonate solution (3 x 50 ml) and brine 


(2 x 80-ml). ‘The solution was dried (anhyd. Na SO) and 


zZ 
concentratedgto.cakgeeml byi distillation; through axspan- 
mingsband,.column.;;7Fractionationvof.thearesuitantaresi- 
due under reduced pressure afforded 0.358 mg (59%) of 20. 
NMR spectrum (CCl,): Hata Wily eee at Sn 2 a CES eli, 9 O15, 
(iv 2H) pple SiiedMan 2 els OOS eels (aMass spectrum m/ei= 
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Preparation of exo-bicyclo[2.2.0]hex~5-en-2-ol (51) 


To a magnetically stirred solution of methyl- 
Magnesiumiatodide (1.32.M,.27 ml, 36 mmole) intether, cooled 
to 0°, was added dropwise an ethereal solution of 29 (500 
mg; ) 36 mmole) .- “The reaction mixture was “stirred for. two 
hours at room temperature and after cooling in an ice bath 
awsaturated aqueous solution of ammonium chloride (20 ml), 
was added dropwise. The aqueous layer was extracted with 
Sener tx 50° ml) and the combined Sones extracts were 
washed with brine (2 x 40 ml) and dried (anhyd. Na,SO,). 
tae solution was concentratedr to ca, 5S ml and further dried 
over activated molecular sieve (4A). Glpc analysis (UCW- 
98, at 100°C) showed the presence of a single product, 

Mess spectrum m/e*= 96." Thevabove solution was used» di-— 


rectly in the subsequent step. 


Preparation Of exombicycloi2. 2. Uihex a -en-2>v ll ap-nitro- 


benzenesulfonate rz 


A dry ethereal solution of 20 (ca, 3.6 mmole) 
and dity pyridine” (G6 imL)7ycoeted anyan wee bath, was 
treated with p-nitrobenzenesulfonyl chloride (1.5 9g). The 
solution was stirred for two hours and an additional por- 
tion of p-nitrobenzenesulfonyl chloride (1.2 g, 


was added. After standing the reaction mixture in the 
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metrigeraton fory38 hous agtbird nertion cof panierobenz- 
enesulfonyl chloride (2 g) was added. When all of the 
alcohol had been consumed (total 66 hours) the solution 
was poured into ice-water (100 ml) and the mixture was 
Piairred sated? for thirty minubes, athe wseculting so lid, 
collected by suction filtration, was dissolved in. chloro- 


form and dried (anhyd. Na SO,) > Removal of solvent fol- 


2 
towed by. «chromatoguaphy 4silicie agid, pchloroform and 
recrystallization from pentane-ethyl acetate afforded 0.75 
Gg G/4%) of ae&r Mp 73-74°, NMR spectrum (CDC1,): Te 300 
Geel), 300 Gt pallens 3 4h Gy. je, 65). laa (ts, alt) 6 U5 
ee a, aaah S. © (te pe). 


Preparation of exo-bicyclo[2.1.1l]hex-2-en-5-yl acetate (14) 


Se ee me 


Bicyclic ester PZ (600 mg, 2.13 mmole), anhydrous 
sodium acetate (330 mg, 4.0 mmole) and glacial acetic acid 
(6 ml) were placed in a pyrex test tube, sealed and heated 
in..an Oddsaibath,at90 .+..2°. for .foun sours.,-« After cooling, 
the tube was opened and the contents poured into ice-water 
(50 ml). The aqueous layer was extracted with ether (3 x 
40 ml), and the combined ethereal layer was washed with 
wacexy 3;x 20, ml), cold 2) Ni,bydrochtoric acidy(s xi 20) mig 
cold 5% sodium bicarbonate solution (3 x 20 ml), and brine, 


After drying (anhyd. Na,SO,), the ethereal solution was 
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concentrated to ca. 5 ml and the residue fractionated 
under xceduced-pressure to afford 110 mg (75%). 0f a mix 
cure Of two acetates in ai3:l ratio, \The more abundant 
product that exhibited shorter glpc retention time (UCW- 
28, Ct 100°) was shown to” be LA. The product with longer 
retention time was identified as 22° The residue was 
unchanged starting material (ca. 300 mg). An analytical 
sample of the acetate iA was obtained by preparative glpc 
(Wew-9'8, 10° footct.-100°) . 2NMR apeeecun OL 14 (CCl): 
Gate) ty, 2h) Oe oe td, wi, A) = OO) HZ) BG. be (mM, GbE), 
Mee 2) ys Jie lad, Hie (= 6.62 and <5. 7 Hz), and 


pees (Ss, 3H). Mass spectsum m/e, = 110, 


On RN A me 


yl acetate (LA) 


A solution of J4 (ca. 10 mg, 0.07 mmole) in 
methanol (4 ml) was hydrogenated in the presence of plat- 
inum oxide (100 mg), prereduced with hydrogen. After 
five hours at ambient temperature the hydrogenation was 
discontinued, the catalyst filtered off and the solution 
fractionated, 10 give 33.5) NMR Uspectrum (CDC1,): LoD teniel, 
(QU AH 5 = 72 eg 6 62m ToS Kia, 21 sO 2a ee 


eer BE de Wiethe tiahyh acer iby, h) keh eae. 
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Preparation of exo-bicyclo[3.1.0]hex~2-en-5-yl acetate 
C23) 

A*SOlGELON, of rz (400 mg, 1.42 mmole) and sodium 
ecetate (200 mg, 2.43 mmole) in acetic’ acid (4 ml) was 
placed in-a reaction tube. After sealing, the tube was 
Neaced in an orl bath at PO0° for [4.5 hours, then, cooled 
and analyzed as follows. The contents were diluted with 
ether (80 ml) and the organic layer was washed with cold 
water (40 ml) 5% aqueous sodium bicarbonate solution (2 x 
SO ml), water (2:20 ml) and brine. After “drying (anhyd. 


Na.SO, and molecular sieve 4A) the solution was concen- 


ao A 
Praced to ca. 2.ml py distillation through) a spinning 
band column. Fractionation of the residue afforded ca. 


a00emg <>1s). of ee NMR spectrum (CDC1,): gg PH i Pay al Gilerpe a 2 BD 


Seay im, sty, «6.0070 (DS yaw ST Om Zee yee Om ae ).y 


172 
Jets Gn, 1H). 8.05? (se, 3H) and 8 2s0.(m,) LH). 


Catalytic Hydrogenation of exo—bicyclo (3 1, 0)hex-2-en-—6-yl 


acetate (Pe 


—— 


Platinum oxide (35 mg) was suspended in methyl 
acetate (10 ml) and reduced with hydrogen over a period of 
15 hours. A solution of p3 (90 mg, 0.65 mmole) in methyl 
acetate (3 ml) was then added and the reaction continued 


for an additional four hours. The catalyst was filtered 
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off and the solution concentrated to ca," 2 ml’. Fraction- 
ation of the residue afforded 67 mg (73%) of paa. NMR 
LNG 


spectrum (THF-d,) : tO. 50" (oo, et oO OUTO eT OT ny LH). 


Preparation of exo-bicyclo[3.1.0]hexan-6-ol (54h) 


A solution of pda (80 mg, 0.57 mmole) in anhy- 
drous ether was treated with methyllithium (1.6 M in ether, 
2ml, 3.2 mmole) at 0° under an inert atmosphere. The 
reaction mixture was stirred at room temperature for 2 
hours,;and then, transferred to ajseparatory funnel and 
added dropwise to an aqueous solution of boric acid eee 
g, 20 ml). The aqueous layer was extracted with ether 
(2 x 30 ml) and the combined ethereal extracts were washed 
wsth brine; (27x 209mlJw.and; draeds danhyd, Na,SO,). The 
solution was concentrated to Cago2 i 5emlcandgfurthexgdried 
over molecular sieve (4A). This ethereal solution of the 
bicyclic.alcohol (565) was used directly in the subsequent 


SECD. 


Preparation of exo-bicyclo[3.1.0]hexan-6-yl p-nitrobenzo~ 


. ate (54c) 


An ethereal solution of 56b (ca. 0.57, mmole) 
was, cooled.in»pan icesbathjandspyridine (1 ml) and p- 
nitrobenzoyl chloride (300 mg, 1.49 mmole) were added with 


stirring. (he reaction mixture was’ stirred at 0° afer 30 
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minutes and then poured into ice-water (25 ml). The aque- 
ous layer was extracted with ether (3 x 30 ml) and the 
combined ethereal layer was then washed with water (2 x 
Sul) 2eenydrochlioric acid (2 x 5 ml), water (2-x 5 m1) 
saturated aqueous sodium bicarbonate (3 x 5 ml), and brine. 
After drying the ether was evaporated to yield 170 mg of 
yellowish solid... Chromatography (silicic acid, chloroform) 
followed by recrystallization from 95% ethanol afforded 
rAc, mp 86-87°, NMR spectrum (CDC1,): Tet Crease at 
ee ie (Olas tpn] Hey loi Vee soon SH). 

An authentic sample of pAb was likewise converted 
into the corresponding p-nitrobenzoate ester. The acetate 
pda (100 mg, 0.72 mmole) was treated with methyllithium 
(6 My= 2.1 ml, 3.36 mmole) ‘to yield the alcohol-which was 
in turn treated with p-nitrobenzoyl chloride (310 mg, 

P54 mmole) in the presence of pyridine (2 m1). - The result-— 
ing “crude "ester eas (200 mg) after chromatography and 


Fecrystallization from 952 ethanol hada mp 86.5-87,.5". 


Preparation of endo-bicyclo[3.1.0]hex-2-en-6-carboxalde- 


hyde (55) 


This compound was prepared according to the pro- 


cedure described in the Virerarera: os 
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- Preparation of endo-bicyclo[3.1.0]hex-2-en-6-carboxylic 
asa ere Oe ge seamen Se see ee eae pe er eee ee 


Oxidation of a2 with silver nitrate provided 26 


in good yiele. 


Hydrogenation of endo-bicyclo[3.1.0]hex-2-en-6-carboxylic 


acid (56) 


Hydrogenation was effected according to the lit- 


erabure procedure*?, 


Epimerization of endo-bicyclo[3.1.0]hexan-6-carboxylic 


acid methyl ester (57a) 


nar 


An ethereal solution of 26 was esterified by 
treatment with diazomethane. The resulting methyl ester 
(57a) was epimerized according to the procedure of Mein~- 

oe 


wald eo ad) 2 


Prepardtion of methyl exo-bicyclol3 1,0] hex-o-yl ketone 


(58) 


A SOLUELON OF edb (200g, 7.9 mmole) an anhydrous 
tetrahydrofuran was treated with methyllithium (1.7 M, 
10.5 ml, 7.8 mmole, in ether). The methyllithium solution 
was added over a period of 30 minutes at such a rate as to 
Maintain gentle reflux of theisolution. The reaction mix- 


ture was then stirred for one hour at ambient temperature 
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and then 10 ml of a saturated aqueous solution of ammonium 
chloride was added dropwise, The aqueous layer was 
extracted with ether (3 x 20 ml) and the combined organic 
layer was washed with aqueous ammonium chloride solution 
(15 ml), 5% aqueous: sodium bicarbonate. (10.m1),-and brine. 
ALeer arying ~ (anhvd. Na,SO,) solvents were removed and 

the resulting residue distilled to afford 680 mg (693%) 


: -1 
Of 28. IR spectrum showed ane 169 Ou. 


wea 


Preparation of exo~bicyclo[3.1.0]hex-6-yl acetate - (34a) 


To a suspension of 90% hydrogen peroxide (0.85 
ml) in methylene chloride was added dropwise trifluoroace- 
Eteracid anhydride :(5.2 ml) at, 0% over ar perilodso£ 20 
minutes. The mixture was kept at 0° for an additional 
twenty minutes. 

One-half of the above mixture was added to the 
Sobution of 28 (498 mg, 4.01 mmole) in methylene chloride 
(20 ml) containing anhydrous disodium phosphate (13 g), 
with vigorous stirring over a period of twenty minutes. 
The reaction mixture was then refluxed for forty minutes 
and cooled to room temperature. Water (10 ml) was added 
and the aqueous layer was extracted with methylene chlo- 
ride, (4 x30 ml)... —The organicylayer was washed with 5% 


aqueous sodium bicarbonate solution (2 x 15 ml), aqueous 


*% 


PSS 


i» a” 
“aie = oe 
4 ay os 


vee 
bal 


* 


3 


; ; : _ ale 
Sh rofl a ae st be LOLs uk 
O94 


“ua 


al : ‘ mF oo aig} 
‘ i _ _ . 


i 
\ 
if 
(as 
7 — 
fe, 
> 7.) im 
7 as 
ro 
1 
‘VW 
7 
e a 
~ y a : 
st 
. a a 
Mi 
- 7 2 
- : 
; bn wm 
Shai 


. . 
a sila 
a} 


weet 


wi 


s im. OE » 


Laos 


sodium bisulfate solution (3 x 10 ml), water and brine. 

Arter drying (anhyd. Na5SO,), the solution was concen- 

trated to ca. 4-5 ml and fractionated to afford 380 mg 

Git) Of rAa. NMR spectrum (CCl ,): T1050 “(Des 64H), 
i 


62700-6770. (m; Lin). “IR v ee mone ae 
max 


Hydrolysis of exo-bicyclo[2.1.1]hex-2-en-5-yl acetate (14) 


An ethereal solution of a mixture of acetates 14 
and 22 (ca. 100 mg) was Created with 0.1 °N methanolic 
sodium hydroxide (2 ml) with stirring at ambient tempera- 
ture. After twelve hours the reaction mixture was diluted 
with ether (75 ml) and was then washed with water (25 ml x 
2) and brine (25 ml). The solution was dried and concen- 
trated to 3 ml by distillation through a spinning band 
column. The residue was fractionated to give §0. NMR 
spectrum (CDC1,): 1 0.22 (d, 1H, J = Does 4.24 °KS 


Dy 461092) Um LH 20-7 oem aL 


Attempted preparation’ of exo-bicyclo[2.1.1]hex-2-en-5-ol 


(59) 


A solution of the acetate 14 cas 15 nig, 0.1 
mmole) in ether was treated with an ethereal solution of 
methyl magnesium iodide (1.2 M, 1 ml, 1.2 mmole) at 0° in 
an inert atmosphere. The reaction mixture was stirred for 


one hour at room temperature and water (4 drops) was added. 
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The aqueous layer was extracted with ether and the com- 


bined ethereal layer washed with water and dried (anhyd. 


Na,SO,). The solution was concentrated to ca. 3 ml and 
the resulting solution fractionated. The product exhi-~ 


bited an NMR spectrum characteristic of 60. 


Preparation of exo-bicyclo[2.1.1]hex-2-en-5-yl methoxy- 


acetate (61) 


A solution of 22 (725 mg) and sodium methoxy- 
acetate (440 g) in methoxyacetic acid (3 ml) was placed 
in a reaction tube, After sealing, the tube was heated 
Miya. OL. bath at, 87° “for “one hours then cooled and 
opened. The contents were diluted with ether (150 ml), 
and the organic layer was washed with aqueous sodium bi- 
carbonate solution (4 x 40 ml), water and brine. After 
drying (anhyd. Na5SO,) the solution was concentrated by 
distillation through a spinnang band column and fraction~ 
ated Sto .gitvercl70 mg not ol. NMR spectrum (CDC1.,): GAs 2D 
(ts 2H) 465.0 » (ae ol Moped ye eo BZ pdb 9k Lepn2H) are. 52 
(Synch eG 673.6 Oye ent he sete egandsinG/ widd felipe = 


Gao tand Suh ee ): 


Preparation of endo-bicyclo[3.1.0]hexan-6-yl acetate (63) 


TO ae SOLluLtonuor 28 CTO ip no alin Lich) ee Oisa ty 


drous tetrahydrofuran (25 ml) and ether (15 ml) was added 
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eLhereal methyijithium (926 Me 10.7 mle 1771 mmole) over 

a period of twenty-five minutes. The reaction mixture was 
stirred for one hour at room temperature and then worked 
up in a manner similar to that described for the prepara- 
tion of the exo bicyclic ketone (38). After concentra-~ 
tion, the solution was fractionated to yield 250 mg (253) 
Ofea mixture of methyl, exo-bicyclo[3.1.0)hex=-6=yl and 
endo~bicyclo[3.1.0]hex-6-yl ketones. The above mixture 
(250 mg, 2.01 mmole) was oxidized in a manner similar to 
that described for 28. After work up and fractionation 

a mixture consisting of pha (72% ) Nand 63 (28%) was obtained. 
NMR spectrum (CCl,): yO SSO e(S; 10072H), (6545 Us, OC 28H); 


29 


Preparation of g-chloroethyl formate 
‘A solution of ethylenechlorohydrin (160 g, 2 

mole) in benzene (500 ml)«awas added. to. 80%.formic. acid 

(115. q,,.2 mole). After adding p>toluenesulfonic,acid 

(2 gq). the mixture was refluxed under ua Dean-Stark appara 

tus, until no more water-benzene azeotrope was formed. 

After neutralizing by the addition of sodium bicarbonate, 

the reaction mixture was distilled to give 152 g (70%) of 

a fraction boilingat,_ 129-133". (This was vedistilled 

through a spinning band column to afford 8-chloroethyl for- 


mate... NMR spectrum. (CDCl, )in, tule82. (s, 18), oo 92 etm A eH), 
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Preparation of dichloromethyl g-chloroethyl ether*” (64a) 


i er gee eens 


B=-chloroethylformate (26 g, 0.24 mole) was 
treated with phosphorus pentachloride (46.8 g, 0.22 mole), 
added ini small” portions at 0°.” “After the initial evolu-— 
tion of heat and dissolution of the phosphorus pentachlor- 
ide, the reaction mixture was stirred at room temperature 
for two hours. Fractional distillation of the reaction 
mixture yielded 384 g (98%) of the dichloromethyl g-chloro- 
ethyl ether, bp 106-110/110 mm. NMR spectrum (CDC1): 


poe ey (Sy GH) «O. 0s) i, e4 hos 


Preparation of g-chloroethyl bicyclo[3.1.0]hex-2-en-6- 
DNS, 
yl ethers (67) 


To a mixture of freshly distilled cyclopentadi- 
ene (260 ml) and 64a (a2 oo OO Mole) -COOLed “CO — 74, 
was added dropwise an ethereal solution of methyllithium 
(0.8 M, 400 ml), over a period of three hours; Excess 
methyllithium was then quenched by the addition of wet 
ether(100°ml) followed by water (150 ml). The aqueous 
layer was extracted with ether and the combined ethereal 
extracts were washed with water and concentrated in vacuo. 
The residue was diluted with hexane and dried (anhyd. Na,S0,, 


then molecular sieve 4A). The solvents were distilled 
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eff and the residue fractionated to give 20 eouGu (9229 bE O£ 
anmixtureto£ endo- (67%) and exo- (33%) 67, bp 80~88°/13 
mm. NMR spectrum (CDC1,): TO. Oo —444 54.0, w 2H) oebtdo= 


bien, WOH) 4od wbO= 7s 625m) 2H) 75-8470 (m,9 2H) 


Preparation of exo- and endo~bicyclo[3.1.0]hex-2-en~6~ols7” 


To an ethereal solution of 67 (LO gi, 62 mmole) 
in hexane, was added dropwise a solution of n-buthyllith- 
mam 92 ml,.2.25 M), over a persod.of two hours at room 
temperature, After the addition was complete the reac~- 
tion mixture gave a positive Gilman test. The excess of 
n-butyllithium was quenched by the addition of an aqueous 
solution of boric acid. The aqueous layer was extracted 
with ether (3 x 50 ml) and the extract washed with brine 
and dried (anhyd. Na,SO,, then molecular sieve 4A). This 
solution was. concentrated to ca. 20 ml by distillation 
through a spinning band column and used directly in the 


subsequent step. 


Preparation of exo- and: endo-bicyclo|[3.i. O]hex-2-en-6-y1 


- acetates (2234 62) 


To a solution of exo- and endo—-bicyclo[ael.0)]— 
hex-2-en-6-ols (ca. 62 mmole) in hexane was added dry 


pyridine (5 ml) and acetic anhydride (50 ml). The mixture 
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£60, 


was stirred for twelve hours at room temperature. After 
Boewadda tion of methanol (008ml) the solution was heated 
at 50° for one hour. The reaction mixture was cooled and 
poured into ice-water (50 ml) and the aqueous layer was 

extracted with hexane (2 x 50 ml). The organic layer was 
washed with water, 5% aqueous sodium bicarbonate solution 


toe 650 emis) Vand brine yi) After drying (anhyd. Na SO,) the 


2 
solution was concentrated to cam’ Lorml tT The residve was 
fractionated under reduced pressure to afford 2.llg 
WAZ eOr avmixture of 53° 1352) sand'62%Co5s)< 
AVIAV) AViAU) 
An analytical sample of 62 was obtained by pre- 
Parative.glipc’.(1l0 £t. g@'-oxidopropionitrile column 15% 


OneLLrebrick,- cb.85°)i... NMR ‘spectrum (CDCl Tato (in) 


3)! 
Die 36 SOSuNCE ey BH ny = 164 Omi ie. 52m EAE 7 S82 ets), 


Ceyees 93H) 8329) On, oA). 


Preparation of exo-anti-bicyclo[3.1.1.0°!"]hept-6-yl ace~ 


tate (68) 

TO a Magnetically stirred. cold (0°): mixture.of 
potassium hydroxide solution (100 ml, 50%) and ether (150 
mi) in a. 250 ml flask (wisthouE ground joints), was edded 


3") 
N-nitrosomethylurea in ca. 1 g portions every hour’”. A 


nitrogen stream (70 ml/min) bubbled through the solution, 


swept the generated diazomethane first through a drying 
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tube (potassium hydroxide and soda lime) and then into a 
cold magnetically stirred ethereal (50 ml) solution of the 
acetates 14 and 23 (330 mg, 2.39 mmole) containing sus- 
pended cuprous chloride (500 mg). The progress of the 
reaction was followed by glpc (UCW-98, ct 100°). In two 
hours -all’ of 14 had been converted into a single product. 
The reaction mixture was filtered through celite and con- 
Cencratedstotcam Semi. oPnactlonationsolsthesresiduecunder 
reduced pressure afforded 330 mg (90%) of a mixture of 23 
and 63. An analytical sample of 68 was obtained by pre- 
Marative iqipe (EO footsSE=30 column, ct 130°). NMR spec= 
trum (CDC1.,): re re A Ce, LE i a 7 Cali Za, Mice UG atl ey 
Tee Gres Tp SOD Lee 2 (Mm, 230), 8.95 (dd, LH, 
jes} .e and 9 HzZ)>1 9.46" (myth).  hestricyclicacerate 
showed as a Single peak in the glpc trace on the follow- 
ing columns: UCW-98, gg'-oxidopropionitrile, reoplex, 
squalene, carbowax and diisodecyl phthalate. 

By this method, the following olefins have been 
Penonied into corresponding compounds containing a cyclo- 


propane ring: 


MBtCVelO [2.ie lL ememe (10): The starting olefin was pre-~ 


pared by the method of Meinwald and treated with diazo- 


| methane in the presence of cuprous chloride. After the 
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work up an analytical sample was obtained by preparative 
gipe (10 foot, SE-30'column, ct 35°). NMR spectrum (CDC1,): 
Tega Qe(my, 2H) yew 0e (mp gl) oe Se7S-y (mH) ess 5—o8 4754 (m:, 
Bi) 8789-9.15 "(m7 2H) 935 sm, Th) Mass spectrum nee = 


“ean 


Norbornene: Commercially available norbornene was exposed 
to the reaction conditions Similar to that described for 


ant ee Snel! NMR spectrum 


14, moar Oru er TCVCLO Us ent ae 
(CDC1.,): tT Pete Mi, Lely y Oc DUS oe LUl (ig oi) oO eh oe OU nl, 


PHY, 9255-10. 35" (mM, 2H). 


anti-norbornen-7-yl acetate (71): The starting material 


was prepared by diimide reduction of norbornadien-7-yl 
acetate. The anti~norbornen-7-yl acetate was. converted, 
as described above to dhe NMR spectrum (CDC1,): To OT 
(mal HH) Od ei 2) 8 O02 Sea S sl oor. 1. i, TALS 


9700-9240. (i 2 SH) y oe oO Oem aes. 


Treatment of exo-bicyclo[2.1.1]hex-2-en-5-yl acetate (14) 


with ues oneenane co 


Anfethereal solutioncot iA (ca. 40 mg) was 
treated with a ten fold excess of diazomethane at 0° over 
a period of two weeks. Reaction was monitored by glpe and 


the formation of a single major product was evident. At- 
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tempted chromatographic purification of the reaction mix~ 


ture’ ‘resulted “in-decompositionvor the products 


2,4 


Preparation of exGrentl—=triecvelolovi la Jheptan-6-ol1 


To a magnetically stirred solution of methyl mag- 
nesium iodide (1.5 M, 18 mol) in ether, cooled in an ice 
bath, was added dropwise an ethereal SO) Ubon. Om 68 and 
22 (ca. 2.47 mmole). The mixture was stirred for one hour 
at. room: temperature, then, cooled in an ice bath and hydro- 
lyzed by dropwise addition of a saturated aqueous ammonium 
chloride solution (10 ml). The aqueous layer was extracted 
with ether (3 x 10 ml), and the combined ethereal extracts 
were washed with brine (10 ml) and dried (anhyd. Na,SO,). 
whe sobutionywas, concentrated; to, ca. Sml and) further dried 
over molecular sieve (4A). (In most instances the result- 
ing wry .cthereal solution was mised: directly in» the subse- 
qiem: step) ~» Practionation (or gene eresu being, residue under 


reduced pressure afforded 250 mg (92%) of a mixture of 53 


and 87 (633 )5 


Preparation of exo-anti-tricyclo[3.1.1.0°/“]hept-6-y1 


_ p-nitrobenzoate (72) 


TS aa) SOU Us. Bou mod: 87 (ca, 1.3 mmole) in anhydrous 


ether, cooled in an ice bath, was added dry pyridine (2 ml) 
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and p-nitrobenzoyl chloride (400 mg, 2.16 mmole). The 
solution was stirred for one hour and then stored in the 
refrigerator overnight. The mixture was then poured into 
ece=watler(o0oml) sand stirred for ~eniety minutes anon 
mcesbath. Thevresulting solid was. fultered off sand the 
aqueous layer was extracted with chloroform (3 x 20 ml) 
which was then washed with water (2 x 10 ml). The £il- 
tered solid was dissolved in annoretoen and combined with 
the chloroform extract and dried (anhyd. Na,s0O,). The 
solvent was evaporated to give 599 mg of crude Ar» Chico 
matography of the crude ester (silicic acid, 3% ether in 
pentane), followed by crystallization from pentane afforded 
300 .mg (80%) of pure material mp 82-83°. NMR spectrum 
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3): 
Geen wNi 7.90 (aon) 6406-05 in phan) | oO Fe em riy) ; 


Entepect rum yi L7 em * (ester), 1556 and 1299 em7* 
(ALCrO group)... Anal. called | )for Cy 4H, 3NO,: CG, 64.867 H, 
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Preparation of exo-anti-tricyclo[3.1.1.0 “yhept-6-yl 


p-bromobenzoate (110) 


To a solution of 87% (ca. 90 mg, 0.81 mmole) in 
anhydrous ether, cooled in an ice bath, was added dry pyri- 


dine (1.2 ml) and p-~bromobenzoyl Shleride,) Gh. md, 0c.o. 
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mmole). The reaction mixture was stirred at 0° for one 
hour and then stored overnight in the refirgerator. The 
mixture was poured into ice-water (40 ml) and stirred for 
20 minutes in an ice bath. The resulting solid was ‘fil- 
tered off and then dissolved in Ghloroform and dried 


(anhyd. NajSO,). The solvent was removed in vacuo to yield 


% 


BL9o°-mg of crude ALO. Chromatography of the crude ester 
(silicic acid, 2% ether in pentane) followed by recrystal- 
lization from pentane-ether afforded 70 mg (30%) of white 


crystals, mp 61-63". NMR spectrum (CDC Ton Ky, 
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Sat Sion Unt ley isderiase BZ) 07249. (mm, 2H)... 8.02. (mn, 1H) 

Bwou-o.2/ m,. 4H), 9.42 (mm, 1H). . ik spectrum: vee AZ 
-1 
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Solvolysis of exo-anti-tricyclo[3.1.1.07'*]hept-6-yl 


p-nitrobenzoate (75) 


A SOLpELon of de (100 mg, 0.38 mmole) in 602 
aqueous dioxane (30 ml) was placed in a reaction tube, 
degassed on a high vacuum line, and sealed. The tube 
Was ammersed in an Oi: bath at-lZ1l.5° and heated for 
twenty hours. The tube was opened and the contents were 
diluted with pentane (200 ml). The organic layer was 
washed with water (3 x 100 ml), aqueous sodium bicarbon- 


ate solution (3 x 30 ml), and brine. The solution was 
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dried (anhyd, Na,S0,), concentrated by distillation through 
a spinning band column and distilled under reduced pres- 
Sure. The distillation residue was recrystallized from 
a oeeen tofgives20sngem(20Sjmofya sofid, that had an NMR 
spectrum identical to synthetic ids 

The distillate was washed out of the tray with 
cbcl.. NMR spectrum was identical with the one of syn- 
Enecic if. Mass spectrum m/er= LO) The average yield 


of dp washca «(90% a8 “deter ned pbyrqloct (interna lrstand= 


ard) at two solvolytic half-lives, 


Preparation of tricyclo[3.2.0.0°'' ]hept-4-ene (78) 


ne 


ae 


ee, een 


In a stirred flask, at 50° were placed sodium 
borohydride: (15g; 0.39 mole), diglyme (65 mi), and water 
(35 ml). Norbornadien-7-yl chloride (5 g, 39 mmole) was 
added dropwise and the reaction mixture stirred for two 
hours. The aqueous layer was extracted with pentane (3 
x 50 ml) and the combined organic extracts were washed 
with water (2x 30. mb)»and draed- tanhyd, Na,SO,). The 
Solution was concentrated to ca. 50 ml by ,a distiiiation 
through a spinning band column and used without further 
bsolationiof the hydrocarbon, ..Gloc (UCW—-93 cL room tems 
perature) analysis showed the presence of 78 (86%) and 


norbornadiene (14%). An analytical sample of the tri- 
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cyclic hydrocarbon was obtained by preparative glpc (4 
foot silicon rubber gum, ct 40°). NMR spectrum (CDC1.,): 
fee LO (it, 22h, ve AM. eile Tec oe Li), weees amy. LH); 


9.49 (q, 1H). Mass spectrum m/e = 92 


Preparation of exo-tricyclo[3.2.0.0°'’]heptan-4-ol. (79) 
Sa et AViaw 


and exo-tricyclo[3.2.0.0°'Jheptan-3-0148 (80) 


An anhydrous solution of 18 (Ca. 33 mmole) Pin 
pentane (50 ml) was diluted with dry tetrahydrofuran (100 
ml) and placed into a flask immersed in an ice bath, A 
solution of diborane in tetrahydrofuran (1M, 30 ml, 30 
mmole) was added dropwise and the reaction mixture stirred 
for one hour at room temperature. An aqueous solution of 
sodium hydroxide 13 N, 20 ml) and 30% hydrogen peroxide 
(30%, 20 ml) was then added and the mixture was refluxed 
for one hour. The aqueous layer was extracted with ether 
(3 x 70 ml) and the combined organic layers were washed 
with brine and dried (anhyd. Na,SO,). The solution was 
concentrated to ca, 10 ml and the residue fractionated to 
afford 3.1 g (86%) of a mixture of {9 (74%) and 80 (26%). 
Analytical samples of the two alcohols were separated by 
preparative glpc (10 foot Carbowax column, ct 130°). NMR 
spectrum of 12 (CDC1.,): cose (ao 745-82 tan, «66H)., 


8.50 (m, 2H), 9.15 (q, 1H). NMR spectrum of 80 (CDC1.): 


; 
ok 
vod 
bh) ogip Svisaiegexq vd hentedde sew fa x60 Sorebiit od ‘oye 
rt €DaD iioeqe HM (Oa 25 bs vettdors novt ike = 
{HI a) 2S.8 <1 “3 | aS omy GRAY | CBS im) OL va 
a ege Be AP . CHE a eb 2 
ZI 4. : » 2 
( } “® & 5 “ iss OX 
- “ Ky i — saree — . eine 
"90.5 FJ afouw cobtd—oxey ba 
nf: {éloom £¢° : >) . wiite si SENyAnS AA : ats a 
-" ie 
ro aj Nal 7 
09 ) £ j ‘ - rif LED / arg ‘(int G2) “8 apes 
fg ‘ si ref Le x sit E ovnd hoosta: one 
’ 
‘ é 
Of -,im OF Mr : (Ox bydex*Jed ml ss 8 todEb te mit: c 
" * hy. . * | s - | | hh co = 
be 2 i eS. Stes M10 = 22. Se OB Beltwoord bbs esw ‘(9 OTRuE 
: ye ; r ae 
WLOR 2a u i »s Saale zonine } moot vided xvor ons: 
r : a5) 
hi tox @ rfepotbvii F020 bee ( Liv os ~e ef sbixoxb iA 
¢ a 
baxeites 2 ross om Bea Babba wads ea (Xnr oe 
seta (hs hy at yc % He en” wav af l Dupe ett # . anrod ea o Sos 
batasgw axow atoeysl oiaspyo becnitdanas otis .f — omar 4 “£) 
: h i ' a nie 
atw moOtsuies eff .1,08.eR".! ffite) bee a tag: oni 
xy => ¥ 
OF HSIENOLISCEL ovhbleas: st Lae fa OF vi wd be: sida I96 10D 
ead es * - - ‘ . are « ; : _ in bie id ~— 
. Cs ay) O4 Ba 2 (ai ' ) S). S Aalst 2 a" i) bi. tea 6) o Le bao 
YO Desgzbase sis a Fort Sib OW ois Fo eaf< ote — eta 
Pian wC°OEL go ‘ERE *wwodseD tog 


id ai BE. 8- ab . émed a 60.3 + ra 303) 


#(,£989) 9% 


168s 


Pe let pail Hy eT ie 8.2 =O BS MeOH dow ee 0 oie QE) a9 405—Lm, 


1H). Mass spectra m/e 110. 


Preparation of exo-tricyclo[3.2.0.0°' /Jhept-4-yl (32) 


and exo-tricyclo[3.2.0.07"/ 


ee eee 


Preptre=-y i (33) pan ttropenzo— 


ee OR a ee 
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ates 

A mixture of 79 and 80 was converted into the 

Aviat un ) 

corresponding p-nitrobenzoates (82 and 83) in a manner 
similar to that described for the preparation of Ars No 
separation was attempted on the oily product mixture. NMR 
spectrum (CDCl): q¢ L7G “(mje 41 )e, Ay ee Oe Sh a4) 
(a, 0.27H) and 7.3-9.1 (m, 8H). IR spectrum y_. 1715 emt, 


max 
B57 cm Wand Mioellene a 


Preparation of tricyclo[3.2.0.0°'/]Jhept-4-one (84) and 
PEST 
Eee CalO [ude Cp On dO) Jhept-3-one (85) 


Chromium trioxide (30 g, 0.27 mole) was added to 
a-magnetically stirred” solution Of dry™pyridine (50° g) in 


ee (50 ml). The resultant burgundy solu- 


methylene chloride 
tion was stirred for 15 minutes at room temperature. After 
this period a solution of 79 and 80 in methylene chloride 

(5.1 g, 46 mmole) was added in one portion, After stirring 


for an additional 15 minutes the solution was decanted 


from the residue, which was washed with ether (3 x 50 ml). 
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The combined organic layers were washed with 5% aqueous 
sodium hydroxide solution (3 x 100 ml), 5% hydrochloric 
acid (100 ml), 5% sodium bicarbonate solution (3 x 50 ml) 


and, brine... “After jdrying uwlanhyd.., Na SO,) the solution was 


2 
concentrated to ca. 10 ml and the residue was fractionated 
under sreduced: pressure, to, give 3 9 .(60%),.08 sa mixture 

of 84 and 8p. 3.1 g of this mixture was chromatographed 
(silica gel, hexane-benzene) to give 700 mg of pure 84. 
NMR spectrum (CDC1,): 1 7.35 (m, 5H), 8.19 (m, 2H), 8.43 


: col B 
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Preparation of endo-tricyclo[3.2.0.07’ Jheptan-7~ol (18) 


a 


To a methanolic solution of 84 (6.508 ich O50 
mmole) at room temperature was added sodium borohydride 
(cO0°mg, bs. 7, mmole)sinsmethanol., (LO mda fine seaction 
mixture was stirred for 20 minutes and then refluxed for 
an additional 10 minutes. Aqueous sodium hydroxide solu- 
tion (3%, 50 ml) was added and the aqueous layer was 
extracted with iether (3..x,,30. mL)... The organic layer was 
washed with brine and dried (anhyd. Na,SO,), then concen- 
Deated sOnsCa., 5) Tl. Fractionation of the residue under 
reduced pressure afforded 607 mg (91%) of 76. NMR spec- 
trum (CDC1.,): Tad ieee ak 5 Wie72 Foe SatdA, plies deolns D1 Cs tue AD , 


8H), 8680 (m8). «Mass spectrum mse =_ilO, 
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Preparation of endo-tricyclo[3.2.0,0%!."]hept-4-y1 p 


nitrobenzoate O28: 


A sample of 18, Was. converted into the correspond= 
ing p-nitrobenzoate ii in amanner similar to that des- 
cribed for the preparation of da» After chromatography 
(silicic acid, 5% ether-hexane) and recrystallization from 


pentane, {{ had a mp 86.5~88°. NMR spectrum (CDCl) 
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Analysis: C,H, 3N0, Cale. (Ce 64 w862 fh, He 5e05%,7.Ni 5.4.03 
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Preparation of exo-tricyclo[3.1.1.0°'"]heptan~6-one (37) 


To a dry ethereal solution of 87 (40 mg, 0.36 

mmole) was added p-benzoquinone”° (235 mg 78255 mmole) 

and aluminium t-butoxide (140 mg, 0.5 mmole). The mixture 
was refluxed for 17 hours under an inert atmosphere. The 
mixture was filtered through celite and washed with 2 N 
hydrochloric, acid (2 xe) mik)5. Se sodium nycroxides (2.x 5 
ml) and brine. After drying (anhyd. Na,SO,) the solution 
was concentrated by distillation through a spinning band 
column and fractionated under reduced pressure to afford 


87. NMR spectrum (CCl, ): ee OO (Oy. eh) peo ea Ny won) a> 
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Kinetic Studies 

The kinetic studies of ne and {2 were carried 
out in a manner similar to that described in the litera-~ 
‘sige coal acai 


In all kinetic runs temperature control of the 


oll bath used. waSsaccurate to at least 0,03°. 


Acetolysis of exo=bicyclo[2.2.0]hex-5-en-2-yl p-nitrobenz- 


enesulfonate (Re) 


AsSotreton Ge PR (68.0 mg, 0.24 mmole) in acetic 
acid (25 ml) that contained an excess of sodium acetate 
was prepared. Two milliliter aliquots of this solution 
were placed into ten reaction tubes which were then sealed 
and immersed in a constant temperature oil bath at 89.7°. 
Tubes were withdrawn periodically and after cooling in an 
ice bath opened and analyzed. Excess sodium acetate was 
titrated against a standard solution of p-toluenesulfonic 
acid invacetic acid. A Saturated “solucion Of p-naphenol 
benzene in acetic acid waseused as an indicator, [he p= 
nitrobenzenesulfonic acid liberated essentially equalled 
the theoretical amount expected with the first order rate 
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Solvolysis of exo-bicyclo[2.2.0]hex-5-en-2-yl p-nitroben- 


. zenesulfonate (22) in methoxyacetic acid 


A solution of rg, (29 mg, 0.10 mmole) in methoxy 
aeetucvwacid’ (5 mil) that contained an excessmoficodiim 
methoxyacetate was prepared. A one milliliter portion of 
this solution was placed in a reaction tube then sealed ‘and 
immersed in a constant temperature oil bath at 80°. After 
two hours the tube was cooled and analyzed as follows. 

The contents were diluted with ether (5 ml) and a 2 ml 
Peucron Of a standard solution of p—toluenesultonic acid 
(0.0392 M) in acetic acid was added. The excess acid was 
titrated against a standard solution of sodium acetate in 
acetic acid (0.0102 M) in the presence of bromocresol green 
mnaicator. The first-order rate constant for this reaction 


eh = 
was found to be k = 8.24 x 10 “sec ! aie = 2.355, nOurs), 


Agetolysissof exo-bicyclol2,l.ijhex-2-en-S=ylemethoxy— 
acetate (61) 

A solution of 6] (60 mg, 0.36 mmole) and cis- 
decahydronaphthalene (internal standard) in anhydrous 
acetic acid’ (1 ml) containing sodium acetate’ (7/0 mg in 2 
ml) was prepared, The solution was divided among ten 
reaction tubes which, after sealing, were immersed in a 


constant stemperature oil bath kept at 75,5° 4 The reaction 
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tubes were withdrawn at appropriate times and the reaction 
quenched by cooling them in an ice bath. The samples thus 
obtained were analyzed by glpc. Integration of the peaks 
was carried out with a planimeter. The decrease of the 
starting material was measured against the standard. The 
kinetic parameters obtained for this reaction are summar- 
ized on page 99. Another kinetic run was performed at 
96.0°, in an identical manner. These results are shown on 


the same page. 


Acetolysis of norbornadien-7-yl methoxyacetate 

The norbornadienyl methoxyacetate (65 mg) and 
n-dodecane (611) were dissolved in anhydrous acetic acid 
(1 ml) containing sodium acetate (35 mg, 0.43 mmole). The 
solution was divided among ten reaction tubes which were 
then sealed and immersed in an isothermal oil bath at 75.5°. 
Sample tubes were withdrawn at appropriate time intervals, 
cooled in an ice bath and then opened. The disappearance 
of the starting material was measured against the standard 
by oloc. 

Another kinetic run was carried out on a similar 
sample at 96.0° in an identical manner. The kinetic re- 


sults are presented on page 101. 
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Solvolysis of exo~anti-tricyclo[3.1.1.07'*] hept~7~-y1 p- 
CC OC A ER A NS 


nitrobenzoate (Ze) 


A solution of de, (115 mg) in 60% aqueous dioxane 
(25 ml) was divided among seven reaction tubes. Tubes 
were degassed on a high vacuum system, sealed and immersed 
in a constant temperature oil bath. Samples were withdrawn 
at appropriate times, cooled and then opened. One milli- 
liter aliquots were withdrawn and the liberated p-nitroben-~ 
zOoic acid was titrated against standard sodium hydroxide 
solution in 60% dioxane in the presence of phenolphthal- 
ein indicator. Kinetic parameters thus determined are 
presented on page 108. Rate constants are corrected for 
internal return and are average values of two independent 


HUTS 


Thermolysis of exo-bicyclo[{2.1.1]hex-2-en-5-yl acetate (14) 


A’ selution of AA (25.6 mg) and = cis—decalin (6 
mg) in acetic acid (400 mg) was distributed among ten reac- 
een tubes. Tubes were sealed and placed into a constant 
temperature oil bath at 110.0°. Samples were withdrawn 
at appropriate times and the decrease of starting material 
measured against the standard, by glpc. 

Another kinetic run was performed at 90.4° in 


the same manner. Kinetic parameters obtained for those 
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reactions are given on page 136. 


Thermolysis of exo-bicyclo[2.1.1]hex-2~en-5-yl acetate (14) 


ct rn a A NN 


ATSOlLUPION tof ae (21.6 g) in n-dodecane (1 ml) 
witch contained cis-decalin (751 mg) as an Unternal istan— 
dard was prepared. This solution was partitioned between 
ten tubes. After sealing the tubes were immersed in a 
constant temprature oil bath at 105.1°. Tubes were with- 
drawn at appropriate times and the contents analyzed by 
Glpc. The kinetic parameters obtained are presented, on 
page 136. Another kinetic run was performed in a similar 


Manner at 85.1°. (see page 135 for kinetic parameters). 
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